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ABSTRACT
We present a new implementation for active galactic nucleus (AGN) feedback through
small-scale, ultra-fast winds in the moving-mesh hydrodynamic code AREPO. The
wind is injected by prescribing mass, momentum and energy fluxes across a spherical
boundary centred on a supermassive black hole according to available constraints for
accretion disc winds. After sweeping-up a mass equal to their own, small-scale winds
thermalise, powering energy-driven outflows with dynamics, structure and cooling
properties in excellent agreement with those of analytic wind solutions. Momentum-
driven solutions do not easily occur, because the Compton cooling radius is usually
much smaller than the free-expansion radius of the small-scale winds. Through vari-
ous convergence tests, we demonstrate that our implementation yields wind solutions
which are well converged down to the typical resolution achieved in cosmological simu-
lations. We test our model in hydrodynamic simulations of isolated Milky Way - mass
galaxies. Above a critical AGN luminosity, initially spherical, small-scale winds power
bipolar, energy-driven super-winds that break out of the galactic nucleus, flowing at
speeds > 1000 km s−1 out to ∼ 10 kpc. These energy-driven outflows result in moderate,
but long-term, reduction in star formation, which becomes more pronounced for higher
AGN luminosities and faster small-scale winds. Suppression of star formation proceeds
through a rapid mode that involves the removal of the highest-density, nuclear gas and
through a slower mode that effectively halts halo gas accretion. Our new implemen-
tation makes it possible to model AGN-driven winds in a physically meaningful and
validated way in simulations of galaxy evolution, the interstellar medium and black
hole accretion flows.
Key words: galaxies: evolution – quasars: supermassive black holes – methods:
numerical – hydrodynamics – shock waves
1 INTRODUCTION
Over its lifetime, a typical supermassive black hole releases
a net energy hundreds of times greater than the binding en-
ergy of its host galaxy (e.g. Fabian 2012; King & Pounds
2015). Since every massive galaxy is thought to harbour a
supermassive black hole in its nucleus (Gebhardt et al. 2000;
Ha¨ring & Rix 2004; McConnell & Ma 2013; Kormendy &
Ho 2013), the transfer of energy and momentum from ac-
tive galactic nuclei (AGN) to the gaseous medium of their
host galaxies (‘AGN feedback’) may profoundly influence the
evolution of galaxy populations.
The significance of AGN in galaxy evolution, however,
depends on whether available energy and momentum are
transferred to interstellar- and circumgalactic gas efficiently.
This efficiency is shaped by a myriad physical processes
which operate over an extreme range of temporal and spa-
tial scales. Energy and momentum deposited in the form
? e-mail: tcosta@mpa-garching.mpg.de
of radiation, jets or winds at accretion disc- (. 10−2 pc) or
dusty torus (. 100 pc) scales first travel to galactic scales
(∼ kpc), where they can directly couple to star-forming gas.
The dominant channels through which star-forming clouds
are disrupted, if at all, remain unconstrained. Questions such
as the relative roles of ejection from the host galaxy ver-
sus in-situ cloud dissociation remain unanswered. At larger
scales (∼ 100 kpc), AGN feedback acts on the gas reservoir
that might, at some future time, accrete onto the AGN host
galaxy and reignite star formation. In this regime, the na-
ture of the processes governing energy transfer across the
gaseous halo, whether AGN feedback operates only on hot,
tenuous gas or whether it also interrupts the more resilient,
filamentary, cold gas streams (e.g. Dubois et al. 2013; Costa
et al. 2014) all remain open questions.
There is no shortage of candidate mechanisms for AGN
feedback. The most conspicuous is the interaction between
collimated jets and the gaseous haloes of galaxy clusters,
where they inflate giant bubbles of hot, relativistic plasma
on either side of the nucleus of the brightest cluster galaxy
© 2020 The Authors
ar
X
iv
:2
00
6.
05
99
7v
1 
 [a
str
o-
ph
.G
A]
  1
0 J
un
 20
20
2 Costa, Pakmor and Springel
(e.g. McNamara et al. 2000; Churazov et al. 2001; Forman
et al. 2007; Fabian et al. 2011). These bubbles rise buoy-
antly in the cluster atmospheres, transferring energy into the
intra-cluster medium via ‘PdV’ work, mixing and a multi-
tude of other processes such as turbulence, thermal conduc-
tion, shock- and sound waves (e.g. Zhuravleva et al. 2014;
Yang & Reynolds 2016; Soker 2016; Prasad et al. 2017; Wein-
berger et al. 2017; Zhang et al. 2018; Bourne et al. 2019). In
Seyferts, radio galaxies and quasars, compact jets are some-
times found to intercept a portion of the host’s interstellar
medium. Despite their collimation, the jets inflate hot bub-
bles that are capable of accelerating surrounding gas clouds
(e.g Nesvadba et al. 2010; Morganti et al. 2013; Tadhunter
et al. 2014; Jarvis et al. 2019). Massive outflows comprising
molecular, (atomic) neutral and ionised phases are often de-
tected via spectral signatures in quasars and Seyfert galax-
ies. Their velocities, which often exceed 1000 km s−1 (e.g.
Sturm et al. 2011; Zakamska et al. 2016), sizes and inferred
mass-, momentum- and kinetic energy outflow rates, which
appear to scale with the AGN luminosity LAGN, potentially
extract gas from the host galaxy at a rate fast enough to put
an end to star formation (e.g. Veilleux et al. 2013; Cicone
et al. 2014; Fiore et al. 2017; Perna et al. 2017; Fluetsch
et al. 2019; Wylezalek et al. 2020).
If indeed driven by AGN, such outflows must be
launched via long-range forces such as radiation pressure
(Fabian 1999; Murray et al. 2005) or through interaction
with a smaller-scale wind emanating from the nucleus (Schi-
ano 1985; Silk & Rees 1998; King 2003). The observed dearth
in systems with simultaneously high AGN luminosity and
high hydrogen column density, on the one hand, lends sup-
port to the scenario in which radiation pressure on dust
clears out galactic nuclei (Raimundo et al. 2010; Ricci et al.
2017; Lansbury et al. 2020). On the other hand, with speeds
up to ≈ 0.3c (where c is the speed of light in vacuum), the
highly ionized small-scale winds known as ‘ultra-fast out-
flows’ seen in & 40% of AGN (Pounds et al. 2003; Tombesi
et al. 2011) appear to pump energy into their surroundings
at rates of & 0.01LAGN (Tombesi et al. 2012). In a small
number of systems, simultaneous detections of ultra-fast-
and galaxy-wide outflows (Tombesi et al. 2015; Veilleux et al.
2017; Serafinelli et al. 2019; Sirressi et al. 2019) make a com-
pelling case that small-scale winds driven at  1 pc scales
do power galactic super-winds.
Virtually all galaxy evolution models based on concor-
dance ΛCDM cosmology appeal to AGN feedback to re-
produce the properties of massive galaxies as observed in
the local Universe. In state-of-the-art models, AGN feed-
back accounts for (i) suppressed star formation in galaxies
with stellar masses & 1011 M (e.g. Springel et al. 2005;
Bower et al. 2006; Teyssier et al. 2011; Schaye et al. 2015;
Weinberger et al. 2018), (ii) the observed galactic colour bi-
modality (Sijacki et al. 2007; Dubois et al. 2013), (iii) the
kinematic structure and size evolution of massive galaxies
(Dubois et al. 2016; Peirani et al. 2017; Choi et al. 2018; van
der Vlugt & Costa 2019), (iv) chemical abundance patterns
such as the α-enhancement of stellar populations (Taylor &
Kobayashi 2015; Segers et al. 2016), (v) the thermodynamic
and ionisation states of the circumgalactic medium (van de
Voort et al. 2011; Gaspari et al. 2012; Oppenheimer et al.
2018) and (vi) the self-regulation of black hole growth (Di
Matteo et al. 2005; Sijacki et al. 2015; Volonteri et al. 2016).
With a typical mass resolution of & 105 M and spatial
resolution of & 100 pc, black hole accretion and wind launch-
ing clearly cannot be resolved ab initio in even high resolu-
tion ‘zoom-in’, hydrodynamic simulations of massive galax-
ies. The successes attained by all such simulations rely on
phenomenological models for AGN feedback, which proceed
in a simplified fashion through injection of thermal- (Di Mat-
teo et al. 2005; Springel et al. 2005; Booth & Schaye 2009)
or kinetic energy (Barai et al. 2016; Weinberger et al. 2017)
around accreting black holes. The conversion efficiency η be-
tween AGN luminosity and injected energy is often treated
as a free parameter which is tuned to the value required to
ensure one or multiple observables are reproduced quantita-
tively by the simulation. Based on galaxy merger simulations
and thermal energy injection to model quasar feedback, Di
Matteo et al. (2005), for instance, find that if η = 0.05,
their simulations recover the normalisation of the observed
MBH −M? relation. In many other simulations, the feedback
efficiency of quasar feedback is calibrated in the same way
(e.g. Booth & Schaye 2009; Teyssier et al. 2011; Dubois et al.
2012; Schaye et al. 2015). In other studies, the efficiency of
AGN feedback is motivated by the properties of observed
large-scale outflows (Dave´ et al. 2019), while others attempt
to directly inject small-scale, fast winds with properties in
line with broad absorption line winds in their cosmologi-
cal simulations (e.g. Choi et al. 2012; Angle´s-Alca´zar et al.
2017) without explicitly tuning their feedback parameters to
observables.
A persisting question is the fidelity with which any of
the available AGN feedback models capture the impact of
physical processes such as jets, accretion disc winds and ra-
diation pressure reliably at the & 100 pc scales which are
typically resolved. The extent to which the differing suc-
cesses of distinct AGN feedback models should be attributed
to details of the numerical implementation or to genuinely
accurate modelling of the relevant physical effects is un-
clear. Moreover, due to calibration, many existing simula-
tions cannot provide insight into the origin of various ob-
servables, such as the normalisation of the scaling relations
between black hole mass and host galaxy properties. Cali-
bration also means that many available simulations cannot
shed light on the physical origin of the feedback efficiencies.
Existing models indeed do not exploit the wealth of informa-
tion provided by analytic calculations of AGN wind solutions
(e.g. King 2003; Zubovas & King 2012b; Faucher-Gigue`re
& Quataert 2012) or magneto-hydrodynamic and radiation-
hydrodynamic simulations of accretion-disc winds (e.g. Yuan
et al. 2015; S ↪adowski et al. 2016; Nomura & Ohsuga 2017).
Costa et al. (2014) showed that energy-driven bub-
bles can provide significant feedback in massive galaxies
and established that forces LAGN/c are required in order
for AGN to regulate star formation in massive galaxies.
This result has been confirmed more recently in radiation-
hydrodynamic simulations probing the radiation pressure
scenario of AGN feedback (e.g. Costa et al. 2018b). While
energy-driven bubbles were understood in Costa et al. (2014)
to form due to a collision between a small-scale wind and the
interstellar medium, the small-scale wind was not explicitly
modelled. With increasing resolution, the growing ability to
resolve smaller scales in simulations of galaxy formation, it
becomes important to ensure that AGN feedback models
MNRAS 000, 1–29 (2020)
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correctly bridge the scales between large-scale outflows and
the smaller-scale winds that likely power them.
The aim of this paper is thus to construct a robust, pre-
dictive and physically validated model for the generation of
large-scale galactic outflows starting from small-scale AGN-
driven winds. We propose a new method to inject a small-
scale winds with properties in line with those of observed
ultra-fast outflows, simulations of accretion disc winds, and
as typically envisaged in analytic models of large-scale out-
flows. The basic model and our numerical implementation
are described in detail in Section 2. In Section 3, we test
the predictions of our model against analytic expectations
and show that these can be recovered with high precision.
We also quantify how the behaviour of our model is affected
by degrading the resolution to the levels typically achieved
in galaxy evolution simulations. In Section 4, we test our
implementation in simplified hydrodynamic simulations of
galactic discs, illustrating how a more realistic gas environ-
ment leads to the emergence of complex large-scale outflows.
We discuss the implications of our findings for the quench-
ing of massive galaxies, how our model differs from conven-
tional AGN feedback recipes and its various limitations in
Section 5. We present our conclusions in Section 6.
2 AGN WIND MODEL
In this Section, we outline our theoretical model for the nu-
clear AGN wind. We present its numerical implementation
and conduct multiple tests.
2.1 Analytical background
We assume that accretion onto a black hole results in
the production of a quasi-spherical wind emanating from
accretion-disc or dusty torus scales. We do not consider the
processes dictating how this wind is initially launched, as the
associated spatial scales lie far below the resolution limits of
typical galaxy formation simulations. Instead, we posit that
such a wind exists at some well-resolved radius R where it
has an integrated mass outflow rate ÛMw, speed vw and pres-
sure Pw. In Section 3.5, we identify the spatial scales where
this assumption is valid.
The mass, momentum and energy flux densities at ra-
dius R are, respectively,
Ûmw = ρwvw =
ÛMw
4pibR2
, (1)
Ûpw = ρwv2w + Pw , (2)
Ûew = 12 ρwv
3
w +
(
γ
γ − 1
)
Pwvw , (3)
where γ is the adiabatic index of the wind gas and b =
(4pi)−1Ω ≤ 1 is the fractional solid angle.
The wind pressure Pw evaluated at the injection ra-
dius R can be determined from the adiabatic sound speed
cw at injection through the relation Pw = γ−1ρwc2s . For
vw  cw, the momentum flux density is dominated by ram
pressure (ρwv2w) and the energy flux density is dominated by
the kinetic luminosity term ( 12 ρwv
3
w). In this limit, which we
shall adopt throughout this paper, the terms involving Pw
in Eqs. 2 and 3 are subdominant.
Integrating the ram pressure and the kinetic energy flux
density, the first terms of Eqs. 2 and 3 respectively, over the
surface area at R gives the mechanical momentum flux ÛPw
and the kinetic luminosity ÛEw of the wind, respectively as
ÛPw = 4pibR2ρwv2w = ÛMwvw , (4)
ÛEw = 2pibR2ρwv3w =
1
2
ÛMwv2w . (5)
We parametrise ÛPw in terms of the momentum input
rate of the AGN radiation field LAGN/c, where LAGN is the
AGN luminosity, by setting ÛPw = τ(LAGN/c) and the wind’s
velocity in terms of the speed of light c, by setting vw = βc.
This parametrisation fixes the integrated mass, momentum
and kinetic energy fluxes to
ÛMw = τ
β
LAGN
c2
, (6)
ÛPw = τ LAGNc , (7)
ÛEw = τβ2 LAGN , (8)
such that the flux densities in Eqs. 1 - 3 assume the final
form
Ûmw = 14pic2
τ
bβ
LAGN
R2
, (9)
Ûpw = 14pic
τ
b
LAGN
R2
+ Pw , (10)
Ûew = 18pi
τβ
b
LAGN
R2
+ c
(
γ
γ − 1
)
βPw . (11)
The free parameters τ, β and b can be constrained
from observations or from fundamental, general-relativistic
magneto/radiation-hydrodynamic simulations of black hole
accretion discs (e.g. Yuan et al. 2015). Plausible values for
these free parameters are discussed in Section 2.2.
Combining Eqs. 1 and 6 also allows us to derive the
number density of the AGN wind, which is
nw =
(
1
4pic3µmp
) (
τ
β2b
) (
LAGN
R2
)
(12)
≈ 31
( τ
b
) ( β
0.1
)−2 ( LAGN
1045 erg s−1
) (
R
pc
)−2
cm−3 ,
where mp is the proton mass and µ is the mean particle
mass, which is here assumed to correspond to the value as-
sociated with a fully ionised H and He plasma of primordial
composition, i.e. µ ≈ 0.6. Note the appearance of b in the de-
nominator of Eq. 12; in the presence of collimation, a higher
wind density is required in order to keep the wind mass out-
flow rate ÛMw constant. Note also how, at galactic halo scales
R ∼ 10 kpc, nw . 10−5 cm−3 for realistic AGN luminosities.
Eq. 8 allows us to compute the energy efficiency of the
AGN wind, which is simply
η = ÛEw/LAGN = τβ2 = 0.05τ
(
β
0.1
)
. (13)
For a bright quasar, the rate at which wind kinetic en-
ergy flows with the fast wind thus corresponds a few percent
of the AGN bolometric luminosity (see also King 2003). Note
that, for radiatively inefficient accretion, it is possible that
η > 1.
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2.1.1 Outflow structure and dynamics
After the wind is ejected, it moves unaccelerated into the
ambient medium, causing a shock front to form ahead of
the wind ejecta. This phase, referred to as ‘free-expansion’ in
analogy with the similar supernova remnant phase, occurs on
time-scales shorter than the time it takes the wind to sweep-
up a mass equal to its own. If the ambient medium is homo-
geneous and has density ρ0, the free-expansion timescale is
given by
tfree =
(
3
4pib
)1/2 ( ÛMw
ρ0v
3
w
)1/2
. (14)
During free-expansion, the shocked, swept-up material accu-
mulates in a shell with an inner radius that grows as Rsh ∝ t
and with a velocity ÛRsh ≈ vw. The radial distance traversed
by the wind during this time is
Rfree ∼ tfreevw (15)
≈ 10
(
β
0.1
)−1 ( τ
b
)1/2 ( LAGN
1045 erg s−1
)1/2 ( n0
cm−3
)−1/2
pc ,
where Eq. 6, the relation vw = βc and n0 = ρ0/(µmp), with
µ ≈ 0.6, are used in the second step of the equation.
When Rsh ∼ Rfree, the momentum of material added
onto the shell is sufficient to cause it to slow down signifi-
cantly. The hydrodynamic flows that ensue have been well
studied (Castor et al. 1975; Weaver et al. 1977; King 2003,
2005; Zubovas & King 2012b; Faucher-Gigue`re & Quataert
2012; Wagner et al. 2013; Costa et al. 2014). The shell be-
gins to push strongly against the incoming wind, causing the
formation of a strong ‘reverse shock’ across which a signif-
icant fraction of the wind kinetic energy is thermalised. If
the shock is adiabatic, about 90% of the post-shock wind
energy is in thermal form. At R ≥ Rfree, the dynamics of
the outflow is controlled by the ability of the shocked wind
fluid to preserve its thermal energy. If radiative losses in the
shocked wind are negligible, it expands adiabatically, doing
‘PdV’ work on the ambient medium, driving an ‘energy-
driven’ outflow (King 2005). There may also be outflow so-
lutions in which the shocked wind bubble is radiative. In the
hypothetical case that the reverse shock is isothermal, the
shell of swept-up ambient gas is driven solely by the wind’s
ram pressure. Such wind solutions are termed ‘momentum-
driven’ (King 2003).
In the case of energy-driven expansion through a ho-
mogeneous medium, we expect Rsh ∝ t3/5, ÛRsh ∝ t−2/5 and
thus ÛRsh ∝ R−2/3sh (see Appendix A). We note that the expan-
sion history of energy-driven shells depends on the shape of
the gas density profile (e.g. Zubovas & King 2012a; Faucher-
Gigue`re & Quataert 2012).
Due to its role in shaping both the dynamics and ther-
modynamic structure of AGN-driven outflows (e.g. Zubovas
& King 2014; Costa et al. 2014, 2015; Nims et al. 2015; Rich-
ings & Faucher-Gigue`re 2018a,b), we summarise the most
important radiative cooling processes in the different out-
flow phases in the following section.
2.1.2 Radiative cooling
As the outflowing shell decelerates to ÛRsh  vw, a strong
reverse shock begins propagating into the free-expanding
wind. In this regime, the wind travels with a speed of ap-
proximately | ÛRsh − vw | ≈ vw in the frame of the shock. The
post-shock temperature TR−shock is then given by
TR−shock =
3
16
µmp
kB
( ÛRsh − vw)2 ≈ 1.2 × 1010
(
β
0.1
)2
K , (16)
where we have assumed µ = 0.6 for a fully ionised H and
He plasma of primordial composition.
Similarly, a forward shock propagates into the ambi-
ent medium. If the forward shock is strong and the ambi-
ent medium is static, the Rankine-Hugoniot jump conditions
give a shock propagation speed of (γ + 1)/2 ÛRsh = 43 ÛRsh with
respect to the ambient medium. The corresponding post-
shock temperature TF−shock of the shocked ambient medium
is then
TF−shock =
1
3
µmp
kB
ÛR2sh ≈ 2.4 × 107
( ÛRsh
103 km s−1
)2
K , (17)
from which the relation TR−shock/TF−shock ∼
(
vw/ ÛRsh
)2
fol-
lows.
Shocked wind: Given typical temperatures TR−shock &
108 K for β > 0.01, the main cooling routes for the shocked
wind phase are thermal free-free emission and Compton
scattering between AGN photons and free electrons. Free-
free emission of shocked wind material occurs within a cool-
ing radius
Rffc ≈ 4 × 10−4
(
LAGN
1045 erg s−1
) (
β
0.1
)−3 ( ÛRsh
103 km s−1
)−1 ( τ
b
)
pc ,
(18)
which is negligible even for a simultaneous choice of slower
winds with β ∼ 10−2 and high quasar luminosities of
∼ 1047 erg s−1. Combining Eqs. 15 and 18 gives
Rffc
Rfree
≈ 4 × 10−5
(
LAGN
1045 erg s−1
)1/2
×
(
n0
cm−3
)1/2 ( β
0.1
)−2 ( ÛRsh
103 km s−1
)−1 ( τ
b
)1/2
,
(19)
which indicates that the AGN wind should not even have
thermalised within the free-free cooling radius.
If electrons and protons reach equipartition behind the
reverse shock rapidly (see Section 5.3), the most important
cooling channel is inverse Compton cooling (King 2003). For
β > 0.01, the cooling radius for non-relativistic Compton
cooling is well approximated by
Rcptc ≈ 0.3
(
LAGN
1045 erg s−1
) ( ÛRsh
103 km s−1
)−1
pc . (20)
The ratio between the Compton cooling radius and the
free-expansion radius for a homogeneous medium, however,
is
Rcptc
Rfree
≈ 0.04
(
LAGN
1045 erg s−1
)1/2
×
(
n0
cm−3
)1/2 ( β
0.1
) ( ÛRsh
103 km s−1
)−1
,
(21)
indicating that non-relativistic Compton cooling can only
MNRAS 000, 1–29 (2020)
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be significant for a combination of fast winds with β ∼ 0.1,
high quasar luminosities L & 1047 erg s−1 and high ambient
medium densities (see also Appendix A2 in Faucher-Gigue`re
& Quataert 2012), but is otherwise unimportant (cf. King
2003). In Section 3.4.2, we confirm that these conclusions
do not change even if we consider relativistic Compton scat-
tering. For some of the parameter space, we thus expect
AGN-driven outflows to progress from free-expansion to an
energy-driven phase without an intermediate momentum-
driven phase.
Shocked ambient medium: After R > Rfree, most of the
outflow mass is contained in the shocked ambient medium
phase. Pressure balance across the contact discontinuity sep-
arating shocked wind and shocked ambient medium implies
that n0 ∼ nw
(
vw/ ÛRsh
)2  nw. The combination of lower post-
shock temperatures (Eq. 17) and higher densities results in
far shorter cooling times for the shocked ambient medium
phase. The cooling radius for free-free emission, for example,
is now
Rffc ≈ 3.8
( ÛRsh
103 km s−1
)2 ( n0
cm−3
)−1
kpc . (22)
The coloured field in Fig. 1 shows the ambient medium
number density required for a shell with speed ÛRsh to cool at
any given radius Rcool. In order to compute cooling radii, we
model cooling of a H and He mixture of primordial compo-
sition, assuming collisional ionisation equilibrium, using the
tabulated cooling rates of Wiersma et al. (2009). Compton
heating/cooling from AGN is modelled following Sazonov &
Sunyaev (2001), through the additional term
Λcpt =
σT
mec2
kBne
LAGN
piR2
(
T − Tcpt
) (
1 +
5
2
kBT
mec2
− 2pi kBTcpt
mec2
)
,
(23)
where σT is the Thomson scattering cross-section, me the
electron mass, ne the electron density and Tcpt the Comp-
ton temperature. The Compton temperature depends on
the shape of the AGN spectrum; for the average quasar,
Tcpt ≈ 2 × 107 K (Sazonov et al. 2004), which is the value
assumed here. In Fig. 1, we choose LAGN = 1046 erg s−1 for
illustrative purposes.
We see that, for fixed ÛRsh, cooling occurs at increas-
ingly lower densities as radius increases, a result which fol-
lows directly from Eq. 22. Raising the outflow velocity both
decreases the outflow time and increases the post-shock tem-
perature of the ambient medium, which in turn prolongs the
cooling times. Therefore, the density required for cooling in-
creases with outflow velocity ÛRsh at large radii.
At small radial distances, Compton scattering results
in heating if TF−shock < Tcpt and in cooling if TF−shock > Tcpt.
Thus, if ÛRsh . 103 km s−1, Compton heating offsets cooling
losses. With decreasing radial distance to the AGN, Comp-
ton heating becomes increasingly efficient, but can always
be overcome through an increase in cooling losses, either by
raising the ambient medium density or by decreasing the
outflow velocity. For ÛRsh & 103 km s−1, Compton scattering
leads to cooling. If Compton cooling losses dominate over
other cooling processes, which is the case at small enough
distances from the AGN, the cooling time becomes inde-
pendent of gas density. The white region in Fig. 1 gives
3 2 1 0 1
logRcool/[kpc]
2.0
2.5
3.0
3.5
4.0
4.5
5.0
lo
gR
sh
/[k
m
s
1 ]
50
1
L46_n50 L45_n1
R 2/3
H, He
Z = Z
10 2
10 1
100
101
102
103
104
105
106
n H
,0
[c
m
3 ]
Figure 1. The coloured field shows the required ambient medium
hydrogen number density nH,0 for a shell composed of shocked
ambient gas with speed ÛRsh to cool at any given radius Rcool,
assuming cooling for a collisionally ionised plasma of primordial
composition. Contour levels corresponding to nH,0 = 1 cm−3 and
nH,0 = 50 cm−3 are shown with white, dashed curves. The white,
dotted curves show the corresponding contours assuming the am-
bient medium has solar metallicity. The region where Compton
cooling dominates, and the cooling time is independent of den-
sity, is shaded in white for LAGN = 1046 erg s−1 and with a black
dashed contour for LAGN = 1047 erg s−1. The diagonal lines show
the evolutionary tracks expected for some of our simulated shells.
Cooling of the shocked ambient medium phase occurs at the radii
at which the tracks intersect the density contour corresponding
to the ambient medium the shells propagate into.
the parameter combinations for which gas cooling occurs
at any gas density. From below, this region is bounded by
an approximately horizontal line corresponding to the out-
flow velocity associated with TF−shock = Tcpt. From above,
it is limited by a diagonal line that follows ÛRsh ∝ R−1cool and
results from the decreasing outflow times as ÛRsh increases.
The radii out to which this region extends increases with
AGN luminosity, as shown with the dashed, black curve in
Fig. 1 for LAGN = 1047 erg s−1.
Finally, in white we also present contours for nH,0 =
1 cm−3 (thin) and nH,0 = 50 cm−3 (thick) for primordial cool-
ing and Compton cooling/heating. The dotted curves show
how these contours are modified if the ambient medium has
metallicity Z = Z. Since metal-line cooling is efficient at
T . 5×107 K, it can precipitate cooling when shell has slowed
down to ÛRsh . 103 km s−1 (Costa et al. 2014).
Fig. 1 can be used to work out the radius at which
the shocked ambient medium phase of an AGN-driven out-
flow starts cooling radiatively. As an illustration, we con-
sider a wind with vw = 5000 km s−1 ejected by an AGN
with luminosity LAGN = 1045 erg s−1 into a homogeneous
ambient medium of density nH,0. According to Eq. 15,
the wind thermalises at a radial distance of Rfree ≈ 40 pc
from the AGN if nH,0 = 1 cm−3. If nH,0 = 50 cm−3 and
LAGN = 1046 erg s−1, for instance, then Rfree ≈ 18 pc. Eqs. 20
and 21 indicate that the shocked wind should not radiate
its thermal energy efficiently, so it expands adiabatically
into its surroundings, driving an energy-driven shell. Cooling
of the shocked ambient medium, however, occurs when the
track described by the shell in the ( ÛRsh, R) plane intersects
the white contour corresponding to the ambient medium
it pushes into. The thick, blue, dash-dotted line in Fig. 1
MNRAS 000, 1–29 (2020)
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shows the track described by the shell if nH,0 = 50 cm−3
and LAGN = 1046 erg s−1. In this case, the shocked ambi-
ent gas should cool radiatively at Rcool ≈ 300 pc when it
has slowed down to a speed ÛRsh ≈ 800 km s−1. However, if
nH,0 = 1 cm−3 and LAGN = 1045 erg s−1 (thin, dash-dotted,
gray line), cooling would occur only at Rcool ≈ 2.4 kpc whenÛRsh ≈ 330 km s−1.
In this paper we include radiative cooling down to 104 K
and do not investigate the formation of a molecular phase.
We refer the reader to Richings & Faucher-Gigue`re (2018a,b)
for a detailed analysis of the formation of an outflowing,
molecular phase.
2.2 Choosing parameters
In order to fully specify all properties of the AGN wind, we
must choose a wind speed vw, the momentum transfer rateÛPw of the wind in terms of LAGN/c, the fractional solid angle
b subtended by wind and the initial wind temperature Tw
(see Table 1 for a list of the free parameters of our model).
In this Section, we briefly review observational findings and
results from simulations of accretion disc winds in order to
guide our choice of parameters.
2.2.1 Observational constraints
At scales & 100 pc, there is evidence of AGN-driven galactic
outflows moving at high speeds & 1000 km s−1 (e.g. Sturm
et al. 2011; Maiolino et al. 2012; Fo¨rster Schreiber et al.
2014; Harrison et al. 2014; Fluetsch et al. 2019; Veilleux et al.
2020). Outflow detections are typically based on emission
from hydrogen recombination lines such as Hα and Hβ, ion-
ized metal lines such as [OIII] and [CII], and molecular lines
such as CO. Mass estimates, which are notoriously uncertain
(e.g. Husemann et al. 2016; Harrison et al. 2018), suggest
outflow masses typically in the range 107 − 1010 M. When
combined with directly measured velocities, such estimates
are used to compute approximate values for the outflow ki-
netic luminosity, typically ÛEout/LAGN ≈ 10−4 − 10−2, and the
outflow momentum flux, which is often ÛPout ∼ LAGN/c (e.g.
Cicone et al. 2015; Sirressi et al. 2019; Fluetsch et al. 2019)
although ÛPout > LAGN/c for many systems (e.g. Cicone et al.
2014; Herrera-Camus et al. 2019). Such massive, large-scale
outflows, however, most likely consist primarily of ambient
interstellar gas which is either pushed out by radiation pres-
sure (e.g. Costa et al. 2018b) or swept-up by a smaller-scale
AGN-driven wind originating from the galactic nucleus (e.g.
Zubovas & King 2012b). In our model, we attempt to in-
ject the small-scale wind directly and therefore should not
select our parameters based on observations of large-scale
outflows.
At the smallest scales, AGN-driven winds are detected
in absorption against direct X-ray emission from AGN. The
most extreme winds, the ultra-fast outflows, which are ob-
served through blue-shifted, high-ionization Fe absorption
lines, can attain mildly relativistic speeds (e.g. Pounds et al.
2003; Cappi et al. 2009; Tombesi et al. 2013; Nardini et al.
2015; Braito et al. 2018; Pinto et al. 2018). There is, however,
considerable spread in the speed of ultra-fast outflows, which
can range from ∼ 0.01c to 0.4c (e.g. Tombesi et al. 2012).
Using a sample of 20 systems with blue-shifted Fe K-shell
absorption, Gofford et al. (2015) find that the mass outflow
rate of ultra-fast outflows scales as ÛMw ∝ LAGN, such that
the brighter the AGN, the more mass-loaded the small-scale
wind. They also find that the scalings between integrated
momentum flux ÛPw, kinetic luminosity ÛEw and the bolomet-
ric luminosity are consistent with linear relations and, in
addition, that ÛPw ∼ LAGN/c and ÛEw/LAGN ≈ 10−3 − 10−1.
The location of ultra-fast outflows is difficult to es-
timate accurately, but can be estimated from the mea-
sured ionisation parameter and column density as well as
from escape velocity arguments (e.g. Tombesi et al. 2012;
Gofford et al. 2015). These winds are thus thought to be
launched from scales ∼ 10 − 100rg, where rg = GMBH/c2 ≈
5 × 10−6(MBH/108M) pc.
Given reported high detection rates & 40% (Tombesi
et al. 2011), ultra-fast outflows are thought to be quasi-
spherical with a fractional solid angle b ∼ 1. The wind geom-
etry has also been estimated directly in a few systems; for
instance, the width of the detected P-Cygni profile in two
nearby quasars suggests b ≈ 0.75 (Pounds & Reeves 2009;
Nardini et al. 2015).
2.2.2 Theoretical constraints
The efficiency at which AGN launch small-scale winds is
tied to the properties of the black hole accretion disc. If the
disc is hot, optically thin and geometrically thick, accretion
is radiatively inefficient and most energy is delivered me-
chanically in the form of bipolar, relativistic jets (Narayan
& Yi 1994; Yuan & Narayan 2014). Relativistic, magneto-
hydrodynamic simulations of hot accretion flows also pre-
dict the existence of a quasi-spherical wind component with
speeds 0.01c − 0.05c (e.g. Yuan et al. 2012; S ↪adowski et al.
2013). Such winds are launched through combination of
centrifugal forces and magnetic pressure gradients (Yuan
et al. 2015). Even if energetically subdominant with respect
to jets, winds carry significant kinetic energy, with energy
fluxes in the range ÛEw ≈ (0.001 − 0.05) ÛMBHc2. S ↪adowski
et al. (2013) find that the radial momentum carried by wide-
angle winds varies with radial distance from the supermas-
sive black hole. At radii r & 100rg, the radial momentum
flux ÛPw scales weakly with radius, asymptoting to values of
≈ (0.1−1) ÛMBHc depending on the spin of the accreting black
hole and on the magnetic flux threading the horizon. If the
radiative efficiency is defined as r = LAGN/( ÛMBHc2), then,
in the notation of Section 2.1, winds launched from thick ac-
cretion discs typically have β ≈ 0.01− 0.05, τ ≈ (0.1− 1)−1r
and η ≈ (0.001 − 0.05)−1r .
At high accretion rates 0.01 . Ûm . 1, black hole ac-
cretion flows are expected to cool efficiently and settle onto
geometrically thin discs (Shakura & Sunyaev 1973). Jets are
not expected to form in this accretion regime (e.g. S ↪adowski
et al. 2013). Radiation pressure on UV lines (e.g. Proga et al.
2000; Risaliti & Elvis 2010) and hydromagnetic forces (e.g.
Contopoulos & Lovelace 1994), however, are expected to
drive fast winds. Using radiation-hydrodynamic simulations
of thin discs centred on black holes with mass MBH = 106-
−109 M and Eddington luminosity ratios 0.1−0.7, Nomura
et al. (2016) and Nomura & Ohsuga (2017), for instance,
find that line radiation pressure launches winds with open-
ing angle ≈ 80◦, i.e. b ≈ 0.97, which reach terminal values of
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Table 1. List of the free-parameters in the wind injection bound-
ary implementation for AGN feedback (left-hand column) and a
brief description (right-hand column).
Free parameters in the injection boundary model for AGN winds
LAGN Bolometric luminosity of the central AGN.
β Ratio between the wind speed and c.
τ Ratio between integrated wind momentum flux and LAGN/c.
b Fractional solid angle into which wind is injected.
Tw Initial temperature of the wind.
rsp Radius of the wind injection boundary.
nside Number of HealPix cells on each wind boundary layer.
β . 0.1, τ ∼ 1 and η . 0.05 at ≈ 50rg, in agreement with
the properties of ultra-fast outflows estimated by Tombesi
et al. (2012) and Gofford et al. (2015). Note that, while the
winds propagate along much of the solid angle, their speed
is highest along the equatorial plane of the accretion disc
and drops to β ∼ 0.01 at low inclinations.
Winds may also be driven from scales larger than the
accretion disc. Radiation pressure on dust at torus scales
(0.1−30 pc), for instance, also appears to drive winds, though
at much lower speeds than ultra-fast outflows. The radiative
transfer calculations presented in Roth et al. (2012), for in-
stance, predict vw ∼ 103 km s−1 (β ≈ 0.003), τ ≈ 1 − 5 and
η ≈ 0.009 for LAGN ≈ 1046 erg s−1, the Eddington luminosity
of a black hole with MBH = 108 M. In summary, in the high
accretion regime, plausible choices for our free parameters
are: β ≈ 0.003 − 0.3, τ ∼ 1, η ≈ 0.001 − 0.05 and b ∼ 1.
2.3 Numerical implementation
We perform our simulations with the moving-mesh hydrody-
namic code AREPO (Springel 2010). AREPO has recently
been publicly released (Weinberger et al. 2019). Here, we
first briefly review AREPO and then proceed to describe
how small-scale winds are implemented numerically, as out-
lined in Section 2.1.
2.3.1 Moving-mesh hydrodynamics
In AREPO, gas is discretised on an unstructured mesh
constructed from a Voronoi tessellation of a set of mesh-
generating points. Hydrodynamic fluxes across cell interfaces
are computed using a directionally unsplit, second-order Go-
dunov scheme (Pakmor et al. 2016). The mesh-generating
points move together with the fluid, overcoming the Galilean
non-invariance and advection errors in supersonic flows that
bedevil fixed-grid Eulerian codes. At the same time, the
moving-mesh character of AREPO ensures superior shock
capturing than e.g. smoothed-particle hydrodynamic (SPH)
methods, without relying on artificial viscosity.
The Poisson equation is solved using a tree-particle-
mesh (TreePM) algorithm in order to compute gravita-
tional accelerations for the gas cells as well as any other
matter component (e.g. stars, dark matter or black holes)
followed in the simulation.
In order to increase the numerical resolution, gas cells
can be refined and de-refined wherever required, according
to any prescribed refinement criterion. Usually, the adopted
refinement strategy ensures an approximately constant mass
per Voronoi cell, such that high-density regions are resolved
with more cells than low-density regions.
2.3.2 Wind injection boundary
We generate two concentric, spherical layers of AREPO cells
with their origin centred at the position of the black hole
(see Fig. 2). The spatial coordinates of the mesh-generating
points associated to these cells follow a HealPix tessellation
(Go´rski et al. 2005), where each 2-sphere is discretised with
a number of 12n2side pixels of equal surface area. This spher-
ical structure behaves as a rigid body; the positions of its
constituent cells are fixed in space relative to one another,
unlike in conventional AREPO cells. Neither refinement nor
de-refinement are allowed for the cells making up either of
these two spherical layers. Likewise, the cells in both layers
are not allowed to cool radiatively.
The two spherical layers are separated by a well-defined,
spherical boundary at a radius rsp. Wind injection is per-
formed across the spherical boundary at the interfaces be-
tween cells belonging to the ‘inner layer’ and the ‘outer
layer’. The cells pertaining to the inner layer are excluded
from hydrodynamic computations and are used only to de-
fine the spherical boundary. For the cells belonging to the
outermost layer, where wind mass, momentum and energy
are deposited, the hydrodynamic evolution is performed
identically to all other cells in the simulation domain. In
practice, we attribute different flags to cells located in inner
layer vs. those located in the outer layer (see Fig. 2) and set
the fluxes between cell neighbour pairs with distinct flags to
the mass, momentum and energy fluxes of Eqs. 6 - 8.
We also inject a passive scalar across the spherical
boundary, along with mass, momentum and energy. This
‘wind tracer’ advects passively with the injected wind, fol-
lowing its mass, and can be used to investigate its hydro-
dynamic evolution, to separate shocked wind and shocked
ambient medium phases and to quantify mixing with the
gas the wind interacts with.
While we focus on spherical winds, it is also possible to
inject the wind across a fraction of the solid angle subtended
by the spherical boundary. In this case, the fluxes between
‘inner’ and ‘outer’ cells are set to Eqs. 6 - 8, where b has
then to be adjusted to the correct value, only for cells lying
within the solid angle of interest. For cell pairs lying outside
of the solid angle of interest, the fluxes are set to zero.
3 TESTS TO THE MODEL
In this Section, we perform various tests to our model
and demonstrate that the structure, kinematics and cooling
properties of AGN-driven outflows as outlined in Section 2
are all reproduced in detail in our simulations. At the end of
the Section we also present a number of convergence tests.
We start by making the same assumptions as in Sec-
tion 2 and consider the propagation of small-scale AGN
winds through static, homogeneous media with hydrogen
number density nH,0 and temperature T0 = 2 × 104 K. In
different simulations, we probe ambient medium number
densities ranging from nH,0 = 1 cm−3 to nH,0 = 103 cm−3,
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Figure 2. The AGN-driven outflow can be divided into four distinct sections: (1) the freely-expanding wind, (2) the shocked wind, (3)
the shocked ambient medium and (4) the undisturbed ambient medium. The left-hand panel illustrates the density, temperature and
pressure fields in units of the corresponding quantities of the assumed background medium as well as the wind tracer concentration. The
wind-tracer is injected together with the wind and is therefore only present in regions (1) and (2). The central panel zooms onto the
region containing the very central resolution elements, displaying the Voronoi mesh of the ambient medium and of the ‘wind injection
boundary’ across which the small-scale wind is injected. The sphere consists of two spherical layers of mesh generating points with
positions determined according to a HealPix tessellation. Mass, momentum and energy, as expected for a steady wind with fixed
velocity vw, are injected at the interfaces (which have an area A) between cells lying on each of these two layers.
Table 2. List of simulations and parameters.
Simulation LAGN β nH,0 b Rfree L mtarget Compton? rsp rtherm
[erg s−1] [cm−3] [pc] [kpc] [M] [pc] [pc]
shell-L45-b0.02-n1 1045 0.017 1 1 40.2 1 0.2 8 44.8
cone-L45-b0.02-n1 1045 0.017 1 0.134 109.8 1 0.2 8 114.8
shell-L46-b0.02-n50 1046 0.017 50 1 18.0 1 10 8 24.0
shell-L46-b0.02-n50-HiRes 1046 0.017 50 1 18.0 1 1 8 21
shell-L47-b0.1-n50 1047 0.1 50 1 9.5 1 10 2 < 19.3
shell-L47-b0.1-n50-Cpt 1047 0.1 50 1 9.5 1 10 X 2
shell-L5e47-b0.1-n1000 5 × 1047 0.1 103 1 4.8 0.1 2 0.4 < 10.8
shell-L5e47-b0.1-n1000-Cpt 5 × 1047 0.1 103 1 4.8 0.1 2 X 0.4
small-scale wind velocities of 5000 km s−1 (β = 0.017) and
30000 km s−1 (β = 0.1). The ratio between wind’s momen-
tum flux and LAGN/c is set to τ = 1, the fractional solid
angle to b = 1 and the wind temperature at injection to
Tw = 5 × 105 K. Our parameters are thus close to the those
of ultra-fast outflows (Section 2.2), with our choices of β
bracketing their typical velocity range.
We name our simulations according to the AGN lu-
minosity, wind speed and ambient medium density used;
the simulation performed with e.g. LAGN = 1045 erg s−1,
β = 0.1 and nH,0 = 1 cm−3 is referred to as shell-L46-
b0.1-n1. In simulation cone-L45-b0.02-n1, the wind is in-
jected along a cone with opening angle θ = 30◦, such that
b = 2 sin (θ/2)2 ≈ 0.134.
The simulation domain consists of a cubic box with side
length L = 1 kpc. When performed with nH = 103 cm−3, the
box size is, instead, L = 100 pc. A list of the different sim-
ulations performed as well as the main parameters explored
is provided in Table 2.
The wind injection boundary is placed at the centre of
the box. Its radius is set to a value lower than the expected
free-expansion radius (see Table 2). We also use nside = 12,
such that the two concentric layers defining the boundary
are each sampled with 1728 cells. In Appendix B, we show
that the wind solutions are not sensitive to this parameter,
unless it becomes so small that for each boundary cell there
is a very large number of conventional cell neighbours.
All simulations are performed with radiative cooling for
a H and He plasma of primordial composition in photo-
ionisation equilibrium with the UV background of Faucher-
Gigue`re et al. (2009) at z = 0. We do not employ a self-
shielding correction and self-gravity is neglected.
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Figure 3. Density, temperature, pressure and wind tracer con-
centration in a simulation in which the outflow geometry is bicon-
ical with opening angle of θ = 30◦, corresponding to b = 0.134.
Flow streamlines are shown in the bottom right with grey curves.
The same outflow phases as in the spherical case can be discerned
here: the freely-expanding wind, the shocked wind, the shocked
ambient medium and the undisturbed ambient medium.
3.1 Structure of AGN-driven outflows
When injected isotropically into an homogeneous medium,
small-scale AGN winds drive outwardly-expanding shells
(e.g. Nayakshin & Power 2010; Costa et al. 2014). The left-
hand panel of Fig. 2 shows a slice through one of our simu-
lations (shell-L45-b0.02-n1), illustrating gas density, tem-
perature, pressure and wind tracer, all normalised to the
initial values of the ambient medium (except for the wind
tracer, where the initial value is zero everywhere). Four dis-
tinct flow sections can be identified: (1) the unshocked wind,
whose density, temperature and pressure all fall off as it ex-
pands, (2) the low-density, hot shocked wind component, (3)
the shocked ambient medium, which is in pressure equilib-
rium with the shocked wind, and (4) the undisturbed ambi-
ent medium. While the shocked wind contains wind tracer,
the shocked ambient medium does not.
The outflow configuration shown in Fig. 2 matches the
classical outflow structure usually assumed in analytic stud-
ies of small-scale wind-driven outflows (e.g. Weaver et al.
1977; King 2003; Zubovas & King 2012b; Costa et al. 2014).
It also agrees with the outflow structure outlined in Sec-
tion 2.1. For a biconical outflow (Fig. 3), this four-zone
structure is still present, but there are additional features.
Ambient gas and wind material passing the forward- and
reverse shocks near the edges of the cone are pushed aside,
where the pressure is lower, leading to the formation of a
laterally-expanding, hot cocoon.
3.2 From free-expansion to energy-driving
In Section 2.1, we have argued that the classical four-zone
structure, which is reproduced in our simulations, should be
valid only for t > tfree. We now verify that the simulated
outflowing shells indeed experience an initial period of free-
expansion, during which their radii obey Rsh ∝ t. We then
test whether, after reaching the free-expansion radius Rfree
given by Eq. 15, the shells transition into an energy-driven
phase, where Rsh ∝ t3/5 (see Appendix A). Note that using
rsp > 0 increases the expression obtained in Eq. 15 by . 5%
only, because R3free  r3sp in all our simulations.
We use the wind tracer in order to locate the position
of the contact discontinuity separating shocked wind and
swept-up ambient phases. We select gas cells with P > 0.5
and compute the 95th and the 99.7th percentiles of their radial
distance, corresponding to 2σ and 3σ radial distance limits,
respectively. These two values are used as lower and upper
estimates for Rsh.
In the left-hand panel of Fig. 4, we plot the time evolu-
tion of Rsh as a shaded region spanning the range between
lower and upper estimates of Rsh for shell-L45-b0.02-n1.
We subtract the position of the shell R0 at a very early time
from that at subsequent times to clearly reveal power law be-
haviour when the shell is still at scales comparable to rsp. The
shell radius grows the fastest early on, when its time evolu-
tion is well approximated by Rsh ∝ t, as shown by comparison
with the black, dashed line, as expected. At t & 0.01 Myr,
the shell begins to slow down and the time evolution of its
position asymptotes towards Rsh ∝ t3/5, marked with a dot-
ted, blue line, as expected for the energy-driven phase. The
transition between free-expansion and energy-driven phases
is gradual, but it occurs at scales of about Rfree ≈ 40pc
(marked with a gray, horizontal line), as anticipated (see
Table 2).
In order to further quantify the scale at which the
wind thermalises, we search for the time and correspond-
ing shell position Rtherm at which wind material first exceeds
a temperature (1/2)TR−shock. The results are listed in Ta-
ble 2, where we can see that for most simulations, Rtherm is
indeed comparable to Rfree. For the simulations performed
with β = 0.1, thermalisation, as we have defined it, occurs
before our first simulation output, so we provide only an
upper limit on Rtherm.
To see that the structure of the AGN-driven outflow
changes after the small-scale wind thermalises, we plot radial
profiles for different hydrodynamic quantities. The right-
hand panel of Fig. 4 shows temperature radial profiles for
shell-L45-b0.02-n1 at three different times correspond-
ing to t . tfree (dark blue, curve), t & tfree (blue, dashed
curve) and t  tfree (light blue, dotted curve). In all cases,
the temperature profile takes the shape of a power law at
the smallest radii, where the flow consists of the freely-
expanding, isentropic wind (see Section 3.3). The expected
free-expansion radius is shown with a vertical, red line.
At t . tfree, the power law section of the flow is followed
by a temperature peak. A closer look reveals that this in fact
consists of two separate components: an outer layer with
MNRAS 000, 1–29 (2020)
10 Costa, Pakmor and Springel
10 3 10 2 10 1
t t0 [Myr]
101
102
R
R 0
[p
c]
Rfree R0
t
t3/5
free expansion
energy-driven
shell-L45-b0.02-n1
102
R [pc]
104
105
106
107
108
109
T
[K
]
TR shock
t tfree t tfree t tfree
Figure 4. Left: position of the contact discontinuity as a function of time in the simulation shell-L45-b0.02-n1 (orange curve). At
early times, the shell radius grows as Rsh ∝ t, as expected for the free-expansion phase, while Rsh ∝ t3/5 at later times, as expected for the
energy-driven phase. The transition between both phases is gradual but it occurs close to the analytical free-expansion radius (horizontal
line). Right: Temperature profile in shell-L46-b0.02-n50 at three different times: (i) t . tfree (dark blue), (ii) t & tfree (blue, dashed
curve) and (iii) t  tfree (light blue, dotted curve). The horizontal line gives the post-shock temperature TR,shock expected for a wind
with β = 0.017, while the vertical, red line gives the free-expansion radius Rfree. Vertical, gray lines show the position of the contact
discontinuity at the different times.
T & 108 K and a thinner, inner layer with T ≈ 6 × 107 K
(see also left-hand panel in Fig. 5). The first temperature
jump is associated with the wind shock, the second with the
contact discontinuity (thin, dotted line) and the third with
the forward shock. At this early time, the shell of swept-
up ambient gas still propagates at a speed which is only
somewhat lower than vw. Its temperature is therefore only a
factor ≈ 3 lower than TF−shock( ÛRsh = vw) ≈ 6×108 K. Since the
shell of swept-up ambient medium still has not decelerated
significantly, the reverse shock is weak and its temperature
is significantly lower than the expected TR−shock ≈ 3×108 K.
At t > tfree, the shape of the temperature peak reverses
as the shocked wind becomes hotter than the shocked am-
bient medium. A strong reverse shock becomes discernible
in the right-hand panel of Fig. 4. The temperature of the
shocked wind behind it rises as the shell decelerates (see also
Fig. 5) and pushes into the wind more strongly. As t  tfree,
we find that TR−shock ≈ 3 × 108 K. The temperature of the
outer layer, on the other hand, falls off with radius, because
the shell decelerates and the post-shock temperature of the
gas drops (see Eq. 17). Thus only at t  tfree does the out-
flow structure takes one the classical energy-driven structure
(King 2003; Faucher-Gigue`re & Quataert 2012) presented in
Section 2.1, with its inner hot, over-pressurised bubble and
the outer, slower, higher-density shell.
In Fig. 4, the thin dashed line for t & tfree shows the
temperature profile in a simulation identical to shell-L45-
b0.02-n1, but in which entropy conservation is enforced in
the freely-expanding wind. In the supersonic section of the
flow, the energy is dominated by the kinetic energy com-
ponent. Due to explicit energy conservation in the default
setup of our AREPO simulations, even small errors in the
kinetic energy estimation can lead to spurious entropy pro-
duction (see Springel 2010) and flatter temperature profiles
than expected. As can be seen in Fig. 4, this effect does
not change the position of the shell and does not affect its
dynamics.
Finally, we recall that Tw = 5 × 105 K. The tempera-
ture of the freel-yexpanding wind seen in Fig. 4, however, is
higher than this value. This overestimate is caused by small
discretisation errors in the evaluation of kinetic energy. Since
energy is explicitly conserved in AREPO, these small errors
show up as additional thermal energy. In Appendix B, we
show that this issue is resolved with sufficient resolution and
that as long as the actual wind temperature is T  TR−shock,
the outflow dynamics is not affected.
3.3 Radial profiles
We present radial profiles of gas density, radial velocity, pres-
sure and temperature in Fig. 6 at t ≈ 0.048 Myr = 6tfree for
shell-L45-n1. In the top row, the plot symbols are colour-
coded according to the local Mach number, while in the bot-
tom row, they are colour-coded according to the local wind
tracer concentration.
At t = 6tfree, a strong reverse shock into the wind has
already formed and the outflow has settled into the classical
configuration assumed in King (2003), Faucher-Gigue`re &
Quataert (2012) and Costa et al. (2014). The four expected
flow regions are easily recognisable. At the smallest radii,
we find the isentropic, freely-expanding wind. The density
indeed follows ρ ∝ r−2 and the radial velocity is spatially
constant at vrad ≈ βc, as expected. Also the pressure and
temperature follow clear power laws, dropping as P ∝ r−2γ
and T ∝ r−2(γ−1), respectively, as expected for an adiabatic
flow.
All hydrodynamic quantities then jump sharply at R ≈
80 pc, the position of the reverse shock that slows down the
AGN wind. The Mach number changes abruptly from high
valuesM  1 toM . 1 behind the strong reverse shock, as
expected. At R ≈ 100 pc, there is a kink in the density and
temperature profiles at which the wind tracer concentration
drops to negligible values, marking a transition from shocked
wind to shocked ambient medium phases. The density and
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Figure 5. Time sequence showing density, temperature, pressure and wind tracer concentration in simulation shell-L46-b0.02-n50.
The left-most panel shows the outflow configuration when the wind is passing the free-expansion radius (dotted circle). At this time, a
strong reverse shock has not yet formed and TR−shock ≈ TF−shock. The central panel illustrates the outflow at a time tfree < t < tcool. A strong
reverse shock has generated a hot layer of shocked wind which is in pressure equilibrium with the cooler and denser shocked ambient
medium layer. The right-most panel shows the outflow structure after the shocked ambient medium has passed its cooling radius (black
circle). While the hot, shocked wind suffers no cooling losses, the shell of shocked ambient medium cools rapidly, collapsing into a thin,
dense sheet. The ripples propagating along the cold outer envelope result from the onset of the Vishniac instability.
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Figure 6. Radial profiles of hydrogen number density (top left),
radial velocity (top right), pressure (bottom left) and tempera-
ture (bottom right) in shell-L45-n1 at t ≈ 0.048 Myr = 6tfree.
The plot symbols are colour-coded according to local Mach num-
ber (top row) and to the local wind tracer concentration (bottom
row). The scalings of the various hydrodynamic quantities with
radius for the isentropic wind, the post-shock temperature of the
different outflow components and the overall structure of the out-
flows all agree with analytical expectations
temperature jumps associated with the contact discontinu-
ity are smoothed out due to significant mixing between wind
and ambient medium fluids. The last discontinuity in the
radial profiles corresponds to the forward shock that prop-
agates into the undisturbed ambient medium. The gas den-
sity jumps by a factor (γ + 1)/(γ − 1) = 4, as expected for
a strong, adiabatic shock, while the post-shock temperature
of TF−shock ≈ 3× 107 K is consistent with the expectation for
a shock velocity ≈ 1100 km s−1 (see Eq. 17).
In Fig. 1 we presented evolutionary tracks for ÛRsh as
a function of radius for two different wind solutions. The
grey track concerns a wind with vw = 5000 km s−1 powered
by and AGN with LAGN = 1045 erg s−1 propagating into a
homogeneous medium with nH,0 = 1 cm−3, the same param-
eters as shell-L46-b0.02-n1. The velocity at the position of
the discontinuity is ≈ 1000 km s−1, close, but somewhat lower
than na¨ıvely expected in Fig. 1, where ÛRsh ≈ 1800 km s−1 at
the same radius. This small inconsistency is likely caused by
the idealisation that the shell moves at speed ÛRsh = vw when
R < Rfree and that it instantly enters the energy-driven phase
when R = Rfree. In reality, this transition is more gradual, as
shown in Fig. 4.
Thus far, we demonstrated that the structure of the
outflow and its dynamics, as captured in our model, are
in agreement with the basic expectations outlined in Sec-
tion 2.1. While we have focussed on shell-L45-n1 so far, we
obtain similar results for our other simulations. In Fig. 5, we
show slices at three different critical times during the outflow
evolution for shell-L46-n50. As before, there is a short, ini-
tial free-expansion phase in which the wind, and the outflow
as a whole, moves outwards at roughly the small-scale wind
speed. The reverse shock is still weak and, therefore, there
isn’t a significant hot, shocked wind component (left-hand
panel). Beyond the free-expansion radius (red, dotted circle),
a strong shock forms, slowing down the wind, which ther-
malises and starts driving out the ambient medium through
its pressure in an energy-driven outflow (middle panel).
As the shell crosses the cooling radius (black, dashed
circle) for the shocked ambient medium (third panel), it col-
lapses as its pressure drops due to effective radiative cooling.
Cooling is indeed expected in shell-L46-n50 (see Fig. 1).
The protuberances that can be seen at this point have signif-
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Figure 7. Mass fraction of the outflowing shocked ambient phase
with temperature T > 2 × 104 K (orange curves) and with T ≤
2× 104 K (blue curves) in shell-L46-n50. Thick, solid curves give
results for the simulation with mtarget = 10 M, while the thin
curves give the results for mtarget = 1 M. The radius at which the
shocked ambient medium cools down is numerically converged
and agrees with the cooling radius derived analytically (vertical,
gray line). The shocked wind medium (dashed, orange line) does
not cool radiatively.
icant azimuthal velocity components. They therefore ripple
through the outflow’s thin outer sheet, in a likely instance of
the Vishniac instability (Vishniac 1983; Nayakshin & Zubo-
vas 2012).
Instabilities form along the contact discontinuity in all
our simulations at t ≈ tfree (e.g. Fig. 2). At the end of free-
expansion, the wind decelerates. In the frame of contact sur-
face, this deceleration is equivalent to an outward-pointing
gravity field. Since the wind is, at this point, colder and
denser than the gas it encounters, the flow is temporarily
Rayleigh-Taylor unstable (e.g. Gull 1973).
3.4 Radiative cooling in energy-driven shells
Based on Section 2.1.2, we expect the shocked ambient
medium to have cooled down in shell-L46-n50 by the time
it has crossed a radial distance of ≈ 170 pc. In all simulations,
we expect the reverse shock to be adiabatic and the outflows
to be energy-driven.
3.4.1 Shocked ambient medium
In order to isolate the shocked ambient medium, we select
gas cells with P < 0.5 and vr > 10 km s−1. This selection
filters out the un-shocked and shocked wind fluids as well
as the undisturbed ambient medium. We then separate the
shocked ambient medium component into a hot phase, which
we define as having a temperature > 2 × 104 K, and a cool
phase with ≤ 2 × 104 K. In Fig. 7, we plot the mass fraction
of both components as a function of the shell position in
shell-L46-n50. The mass fraction of outflowing hot gas is
shown with red, solid curves while the mass fraction in cool
gas is shown in dark blue, solid curves.
We see that the shocked ambient medium outflow phase
is entirely composed of hot gas in the innermost 150 pc.
However, the proportion of hot gas eventually drops, while
the proportion of cool gas rises. At R ≈ 170 pc ≈ Rcool,
about half of the mass in the shell is in the cool phase. As the
simulation progresses, the fraction of cold material continues
to rise and, by R = 250pc, 90% of the shocked ambient
medium mass is cold. Comparison with shell-L46-b0.02-
n50-HiRes shows that the time at which radiative cooling
begins to affect the structure is well converged.
The dashed curve in Fig. 7 shows the evolution of hot
gas mass for the shocked wind phase, which we identify as
that with P > 0.5. As expected, this phase is always hot
and does not cool effectively. In shell-L45-n1, however, the
shell should not cool within 1 kpc and should remain hot
in the whole simulated domain. We verified that the out-
flow remains hot throughout the entire simulation, for which
Rsh ≤ 0.5 kpc due to the box size.
3.4.2 Shocked wind and inefficient Compton cooling
The only plausible cooling channel for the shocked wind is
inverse Compton scattering (King 2003). In order to max-
imise the effects of Compton cooling, we use the relativistic
expression for the cooling rate. This is given by
Λcpt = 4necσT
LAGN
piR2
(
kBT
mec2
)2
, (24)
and exceeds the non-relativistic expression by a factor
4kBT/(mec2). We use Eq. 24 only if gas has kBT ≥ mec2
and Eq. 23 otherwise.
Eq. 21 shows that winds with high β are the most
likely to thermalise within the Compton cooling radius.
We therefore focus on our simulations with β = 0.1, re-
calling that for shell-L47-b0.02-n50-Cpt, Rfree < 9.5 pc.
From Eq. 20, we can compute the Compton cooling radius
as Rcptc . 30( ÛRsh/103 km s−1)−1 pc, accounting for the factor
4kBT/(mec2) ≈ 8 gained by using the relativistic Compton
cooling rate. Using the expected scaling for an energy-driven
solution ÛRsh ∝ R−2/3sh , we expect that ÛRsh ≈ 2000 km s−1,
which gives Rcptc /Rfree & 1. In shell-L47-b0.02-n50-Cpt,
Compton cooling should just about have an effect on the so-
lution. Setting the AGN luminosity to LAGN = 5×1047 erg s−1
and the ambient medium density to nH = 1000 cm−3 in-
stead gives Rcptc /Rfree ≈ 7 such that Compton cooling should
clearly affect the outflow dynamics in shell-L5e47-b0.1-
n1000-Cpt.
In Fig. 8, we plot the total radial momentum input rate
ÛPr normalised by total momentum injected by AGN radia-
tion as a function of shell position in shell-b0.1-L47-n50
(dark blue curves) and in shell-b0.1-L5.47-n1000 (vio-
let curves). As expected, switching on relativistic Compton
cooling (dashed lines) does not affect the outflow solution
even for LAGN = 1047 erg s−1 and nH = 50 cm−3. Comp-
ton cooling only has an impact if the density of the am-
bient medium through which the wind propagates is high
enough to ensure the wind thermalises rapidly, as seen for
LAGN = 5 × 1047 erg s−1 and nH = 1000 cm−3. Even in this
case we see that ÛPr > LAGN/c and the solution is not purely
momentum-driven.
Our results do not mean that momentum-driven solu-
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Figure 8. Total radial momentum input rate normalised by the
total momentum injected by AGN radiation as a function of
shell position in shell-b0.1-L47-n50 (dark blue curves) and in
shell-b0.1-L5.47-n1000 (pink curves). Solid curves give the ra-
dial momentum evolution for simulations for which we do not
follow Compton cooling, while dashed curves illustrate the ef-
fect of switching on Compton cooling. Switching on relativistic
Compton cooling does not affect the outflow solution even for
LAGN = 1047 erg s−1 and nH = 50 cm−3 - the outflow is energy-
rather than momentum-driven. Compton cooling only has an im-
pact if the density of the ambient medium through which the
wind propagates is high enough to ensure the wind thermalises
rapidly, as seen for LAGN = 5 × 1047 erg s−1 and nH = 1000 cm−3.
Even in this case we see that ÛPr > LAGN/c and the solution is not
purely momentum-driven.
tions are impossible. Instead, they show that AGN-driven
outflows progress from free-expansion to their energy-driven
phase directly for a wide range of the parameter space. Even
if Compton cooling affects the solution, this may be only
partially momentum-driven and still have ÛPr > LAGN/c.
3.5 Convergence properties
The total wind mass injected at thermalisation is given by
Mfree ∼ ÛMwtfree and can be estimated using Eqs. 13 and 14
as
Mfree = 57.5
(
β
0.1
)−3 ( τ3
b
)1/2 (
LAGN
1045 erg s−1
)3/2 ( n0
cm−3
)−1/2
M .
(25)
If the cell target mass mtarget & Mfree, the free-expansion
phase of the outflow cannot be resolved. Instead, as it moves
across the wind injection boundary, the wind thermalises
instantly. The failure to separately resolve the shocked wind
component, which is unlikely to cool (Section 2.1.2), and
the shocked ambient component, which can cool, may lead
to numerical overcooling if Rcool ∼ Rfree.
We define ζ = Mfree/mtarget as the number of AREPO
cells with which the AGN-driven wind is resolved at thermal-
isation. The expectation is that the wind solution converges
as ζ  1, but that it diverges as ζ . 1. We again simulate
the propagation of a spherical wind through a homogeneous
medium using nH,0 = 300 cm−3, LAGN = 1047 erg s−1 and β =
0.017 . For these parameters, we obtain Mfree ≈ 5 × 105 M,
Rcool ≈ 100 pc and Rfree ≈ 24 pc. We then vary the mass
resolution in our various simulations. For every factor of 8
increase in the cell target mass mtarget, we increase rsp by a
factor of 2, such that rsp always matches the mean intercell
distance at the beginning of the simulation. For our highest
resolution simulation, where mtarget = 250 M, i.e. ζ = 2000,
we use rsp = 2 pc. For the lowest resolution simulation, where
mtarget = 8.2 × 106 M, i.e. ζ = 0.06, we set rsp = 64 pc.
Fig. 9 shows the evolution of the total energy (left-hand
panel), thermal energy (middle panel) and kinetic energy
(right-hand panel) normalised by EAGN = LAGNt, as a func-
tion of the shell position. Different curves illustrate how the
energy evolution varies with ζ . For ζ > 1, Etot/EAGN starts
at ≈ 0.008EAGN ≈ ηEAGN and decays slowly with radius.
As the wind thermalises at the smallest radii, the fractional
internal energy Eint/EAGN rises, whereas the fractional ki-
netic energy Ekin/EAGN drops. As ζ decreases, we find that
Etot/EAGN remains unchanged at small radii, though the frac-
tional thermal energy becomes higher and the kinetic energy
proportionally lower. The reason for this behaviour is that,
as ζ is reduced, the free-expansion phase of the wind is re-
solved more poorly. The cells comprising the wind interact
with more massive cells and shock-heat just after injection.
At Rsh ∼ Rcool ≈ 100 pc, the shell of swept-up ambient
medium cools radiatively and, accordingly, the fractional in-
ternal and total energies of the outflow drop. At R > Rcool,
Eint/EAGN settles at an approximately constant value, as the
internal energy of the shocked ambient medium continues
to be radiated away rapidly, but preserved in the shocked
wind phase. Nevertheless, at R > Rcool, the total, thermal
and kinetic energies, as well as the total radial momentum
(Fig. 10) agree within a factor 2 between simulations with
ζ = 1 and ζ = 2000.
Another clear trend is the systematic underestimate in
total, thermal and kinetic energy components at R & Rcool
as ζ decreases. This effect is most pronounced in the ther-
mal energy curve. After the outer shell cools radiatively,
phase mixing between the shocked wind and shocked am-
bient medium components enhances radiative cooling in the
shocked wind phase. This effect can be mitigated either by
increasing the resolution, and hence ζ , or by adopting a more
aggressive refinement strategy. The thin curves in Fig. 9
show the energy evolution in a simulation with ζ = 800, but
where additional refinement is introduced to ensure that the
volume ratios between adjacent cells do not vary by more
than a factor 4. This strategy leads to sharper resolution
in regions with steep density gradients, such as across the
contact discontinuity separating shocked wind and shocked
ambient medium phases, and reduces the efficiency of mixing
and hence shocked wind cooling.
As anticipated, we find poorer convergence if ζ < 1
(dark blue curves in Figs. 9 and 10). In this case, the hot,
shocked wind bubble cannot be resolved at early times and is
blended with outflowing material pertaining to the shocked
ambient phase. Since the latter cools efficiently, the effect
of dropping ζ below unity is to suppress the energy-driven
phase, causing the radial momentum to drop by a factor
≈ 1.4 at the end of the simulation. Within the simulated
domain, we thus see changes in energy and momentum of
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Figure 9. The evolution of the total (left-hand panel), thermal (middle panel) and kinetic (right-hand panel) energy in outflowing
material, normalised by the net energy liberated by the AGN, as a function of shell position. Different curves illustrate the evolution for
different values of ζ , the number of cells with which the injected wind is resolved at thermalisation. As long as ζ > 1, the wind solution
is well converged at small radii, but phase mixing between shocked wind and shocked ambient medium can result in spurious cooling
(see text). Failing to resolve the wind shock radius, however, can lead to overcooling. In the example shown here (for ζ = 0.06), poor
resolution results in a factor 2 lower total energy in the outflow.
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Figure 10. Total radial momentum normalised by LAGN/c × t as
a function of the shell position for simulations with varying values
for ζ . Two numerical effects can suppress the net radial momen-
tum of the outflow; (i) blending of shocked wind and shocked am-
bient medium components can lead to artificial overcooling (see
curve for ζ = 0.06) and (ii) numerical mixing between shocked
wind and shocked ambient medium phases (at large radii). The
former can be resolved by increasing the mass resolution, while
the latter can be mitigated by sharpening the resolution in regions
with steep density gradients (thin curve).
. 2− 3 by varying the mass resolution by almost 4 orders of
magnitude. Our model therefore yields wind solutions which
are robust to changes in the resolution.
We also performed a similar resolution study for wind
solutions with β = 0.1, where it is typically harder to resolve
free-expansion (Eq. 25). Perhaps surprisingly, we find simi-
larly good convergence as for solutions with β = 0.016. The
higher energy injection rate in wind solutions with β = 0.1,
however, offsets cooling losses more effectively and compen-
sates for the lower Mfree values.
4 OUTFLOWS FROM DISC GALAXIES
In this Section, we investigate how small-scale winds power
galactic super-winds in systems comprising a gaseous disc
embedded in a homogeneous, spherically symmetric galac-
tic halo. Our aims are (i) to illustrate how the structure of
large-scale outflows is modified by this more complex density
field, (ii) to evaluate how properties of large-scale outflows
vary with respect to the properties of the small-scale winds,
(iii) to identify the channels via which AGN winds mod-
ify star formation, and (iv) to further test whether our new
AGN wind model can indeed be reliably applied at the more
typical resolution reached in galaxy formation simulations.
4.1 Numerical Setup
4.1.1 NFW halo and disc
The dark matter component is modelled as a static Navarro-
Frenk-White (NFW) potential (Navarro et al. 1997) with
halo concentration C = 7.2 and mass (1 − fgas)M200, where
fgas = 0.17 and M200 = 1012 M. A rotating spherical gas
cloud with dimensionless spin parameter λ = 0.05 and mass
fgasM200 is placed at the centre of the dark matter potential.
The cloud’s density profile follows the same NFW profile as
the dark matter component.
Radiative cooling, which is modelled simply for a pri-
mordial mixture of H and He in photoionisation equilibrium
with the Faucher-Gigue`re et al. (2009) UV background at
z = 0, triggers a cooling flow at the start of the simulation.
As a result, the spinning gas cloud collapses towards the
centre of the halo, where it settles into a disc. Star forma-
tion is treated following Springel & Hernquist (2003), where
the effects of unresolved physical processes operating within
the interstellar medium (ISM), including thermal instabil-
ity, evaporative heating of cold gas clouds and heating due
to supernova explosions, are captured by an effective equa-
tion of state that is applied to all gas with nH > nth. This
effective equation of state is stiffer than that of isothermal
gas, because it accounts for additional pressure provided by
supernova explosions within the ISM.
Stellar particles are spawned stochastically from gas
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with nH > nth at a rate
dρ?
dt
= (1 − β) ρc
t?
, (26)
where β is the mass fraction of massive stars assumed to
instantly explode as supernovae, ρc is the density of cold
clouds (see Springel & Hernquist 2003, for details) and t? =
t0? (n/nth)−1/2 is the star formation timescale. In our simula-
tions, we adopt β = 0.1, nth = 0.28 cm−3 and t0? = 1.5 Gyr.
We do not model supernova-driven winds. Our simu-
lations should be regarded as idealised experiments aimed
at illustrating how small-scale AGN winds drive large-scale
outflows from systems comprising a galactic disc. They are
designed to enable an accurate evaluation of the outflow
energy and momentum contents and their effect on star
formation, without ‘contamination’ or non-linear coupling
with supernova-driven winds (Costa et al. 2015; Biernacki
& Teyssier 2018).
4.1.2 AGN wind injection boundary
In order to model small-scale AGN winds, a spherical wind
injection boundary, as described in Section 2, is introduced
at the location of the dark matter potential minimum in
the initial conditions. We set nside = 12, such that each of
the two layers used to define the wind injection boundary
is sampled with 1728 Voronoi cells. The radius of the in-
ner spherical layer is set to 7.5 pc and of the outer layer to
12.5 pc, such wind injection occurs at radius Rinj = 10 pc. In
our fiducial simulations, the mean radius of gas cells within
100 pc of the potential minimum is ≈ 8 pc and thus wind in-
jection occurs at a scale commensurate with the size of the
smallest Voronoi cells in our simulations.
In cases where large masses are ejected from the nu-
cleus, the global potential minimum may deviate from the
dark matter potential minimum. In order to ensure that the
wind injection boundary remains centred at the global po-
tential minimum, we impart a small drift velocity to the cells
comprising the two wind injection layers. The drift velocity
is directed towards the global potential minimum, which is
computed once every global time-step, and is chosen to have
a magnitude of vdrift . 20 km s−1, comparable to the lowest
sound speeds found in the galactic disc. We find that the
wind injection boundary does not drift more than ≈ 50 pc
from the dark matter potential minimum in our simulations.
4.1.3 Simulations
In one of our simulations, we do not inject an AGN wind
across the spherical boundary. This simulation, referred to
as disc-noAGN, illustrates the evolution of the disc galaxy
when no AGN feedback is present. It is used as reference e.g.
when we test the ability of small-scale winds to drive galactic
outflows (Section 4.3) or when we quantify the impact of
outflows on the host galaxy (Section 4.4).
In all other simulations, we include an AGN wind. Wind
injection is chosen to start at t = 150 Myr, shortly after the
star formation history rates reaches its peak. We assume
that an AGN wind injection episode lasts tAGN = 5 Myr and
that episodes are cyclical. We define the duty cycle ηduty as
the time fraction of each cycle during which wind injection
occurs. Each cycle then has a period tcycle = tAGN/ηduty.
Table 3. List of simulations and parameters. The first column
lists the simulation names, the second shows the small-scale wind
velocity in units of c, the third gives the assumed AGN duty
cycle, the fourth shows the number of cells with which the wind
is resolved at thermalisation and the last column lists the cell
target mass.
Simulation LAGN β ηduty ζ mtarget
[erg s−1] [M]
disc-noAGN - - - - 1.6 × 105
disc-L45-b0.02 1045 0.017 0.5 0.002 1.6 × 105
disc-L5e45-b0.02 5 × 1045 0.017 0.1 0.03 1.6 × 105
disc-L46-b0.02 1046 0.017 0.05 0.1 1.6 × 105
disc-L47-b0.02 1047 0.017 0.005 2 1.6 × 105
disc-L5e47-b0.02 5 × 1047 0.017 0.001 30 1.6 × 105
disc-L45-b0.1 1045 0.1 0.5 10−5 1.6 × 105
disc-L46-b0.1 1046 0.1 0.05 4 × 10−4 1.6 × 105
disc-L45-b0.02-H 1045 0.017 0.5 0.05 1.6 × 104
disc-L46-b0.02-H 1046 0.017 0.05 1 1.6 × 104
disc-L46-b0.02-L 1046 0.017 0.05 0.01 1.6 × 106
We sample duty cycles in the range ηduty = (0.001, 0.5).
In our simulation with ηduty = 0.5, we adopt LAGN =
1045 erg s−1, such that by t = 500 Myr, an energy EAGN ≈
1061 erg would have been liberated in the form of radiation
by the AGN. For every duty cycle choice, we rescale the
AGN luminosity, such this EAGN remains fixed. Thus, for
ηduty = 0.1, for example, we employ LAGN = 5× 1045 erg s−1,
whereas for ηduty = 0.005, we use LAGN = 1047 erg s−1.
We explore two different wind speeds. In most simula-
tions, we adopt vw = 5000 km s−1, i.e. β = 0.0167, while in
others we set vw = 30000 km s−1, i.e. β = 0.1. In all cases,
the winds are injected isotropically, i.e. b = 1, with τ = 1
and Tw = 106 K.
The target mass resolution is mtarget = 1.6 × 105 M in
our fiducial simulations. We also perform higher-resolution
simulations with mtarget = 1.6 × 104 M and a few low res-
olution simulations with mtarget = 1.6 × 106 M. Since the
density of the ambient medium around the injection bound-
ary at t = 150 Myr is nH,0 ∼ 103 cm−3, the ratio between
the wind mass at thermalisation and the mass resolution
is ζ < 1 in many for our simulations. In some simulations,
ζ > 10, such that free-expansion can be resolved. The simu-
lation with LAGN = 1046 erg s−1, in particular, is performed
at three different resolutions, where ζ ≈ 1 is achieved in
the highest-resolution simulation, which allows to quantify
the effect of not directly resolving free-expansion. The most
important parameters of our simulations are summarised in
Table 3.
4.2 Large-scale outflows from small-scale winds
Fig. 11 illustrates the time-evolution of different hydrody-
namic quantities after the onset of AGN feedback in simu-
lation disc-L46-b0.02-H. We show gas density (first row),
temperature (second row), wind tracer (third row) and the
ratio between radial kinetic energy and thermal energy
Ekin/Eth (fourth row) slices. The properties of the small-scale
wind at injection are, to a large extent, ‘forgotten’ by the
large-scale outflow (see also Costa et al. 2014, 2015; Nelson
MNRAS 000, 1–29 (2020)
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Figure 11. Time-sequence showing density (first row), temperature (second row), wind tracer (third row) and Ekin/Eth (fourth row)
slices through the simulation with vw = 5000 km s−1 and LAGN = 1046 erg s−1. Spherical small-scale winds power energy-driven bubbles
which breaks-out of the galactic disc, expanding through the halo in large-scale bipolar outflows. As the outflow propagates to large
radii, it isotropises coupling to most of the gaseous halo and interrupting gas inflow.
MNRAS 000, 1–29 (2020)
From small-scale AGN winds to galactic super-winds 17
et al. 2019). The wind, which is injected isotropically and
at constant speed, powers an anisotropic, large-scale out-
flow with a more complex velocity structure. The approx-
imate axisymmetry of the gas disc, which is seen edge-on,
collimates the outflow towards the galactic poles, which be-
comes bipolar as a result (see also Zubovas & Nayakshin
2012; Gabor & Bournaud 2014; Costa et al. 2015; Curtis &
Sijacki 2016; Hopkins et al. 2016; Hartwig et al. 2018). At
scales much larger than the disc radius, however, the out-
flow isotropises, as the forward shocks on the outer rim of
both bubbles overlap, forming a lateral shock that propa-
gates along the disc plane.
As in the spherical case (Section 3), the outflow can be
separated into different flow zones. At the smallest scales and
while t < tAGN, we find a small biconical region enclosing the
freely-expanding (unshocked) AGN wind (phase 1 in Fig. 2),
appearing as a smooth flow with high Ekin/Eth at early times.
The AGN wind then passes the reverse shock, where the
temperature jumps to T ≈ 3 × 108 K and Ekin/Eth decreases
to values < 1. Behind the reverse shock, the shocked wind
(phase 2 in Fig. 2), contained in the hot, turbulent plumes
seen above and below the disc, rises through the galactic
halo, expanding adiabatically. Since they both consist of
wind fluid, both these phases of the outflow are well popu-
lated by the wind tracer, shown in the third row. The outer,
denser and slightly less warm layer, which does not contain
wind tracer fluid, instead consists of swept-up ambient gas
(phase 3 in Fig. 2). This phase is clearest in the third col-
umn of Fig. 11. It is bounded on the outside by the forward
shock, the thin, sharp layer across which both temperature
and density jump sharply and kinetic energy is dissipated.
We next take a closer look at outflow properties (ve-
locity structure, momentum and kinetic energy contents) as
well as the conditions that need to be fulfilled in order for
the small-scale wind to power a galactic outflow.
4.3 Outflow properties and conditions for launch
The properties of the small-scale wind are set by the fluxes
enforced at the spherical boundary. While guided by obser-
vational and theoretical constraints (Section 2.2), the mass,
momentum and energy fluxes associated with the small-scale
winds are ‘put-in by hand’. The properties of the large-scale
outflows that develop as the small-scale wind interacts with
surrounding gas, on the other hand, constitute simulation
predictions.
In Fig. 12, we plot the distribution of gas radial ve-
locities as a function of radial distance from the AGN in
three representative simulations of our set. We stack the
distributions from all the snapshots in the time interval
[t0, t0 + tAGN], corresponding to the first outflow episode.
The left-hand panel concerns the simulation with LAGN =
1046 erg s−1 and vw = 5000 km s−1, the central panel shows
results for the simulation with LAGN = 1046 erg s−1, but with
a faster wind speed of vw = 30000 km s−1, while the right-
hand panel corresponds to the simulation with a brighter
AGN with LAGN = 1047 erg s−1 and vw = 5000 km s−1.
In all simulations and at all scales, the spread in out-
flow velocity at fixed radius is very large, in stark con-
trast with the homogeneous medium scenario (see also Costa
et al. 2014). The bulk of the outflow has typical speeds
vout = 1000 − 2000 km s−1, with a sparsely populated tail
approaching vout ≈ vw. Significant masses moving at speeds
exceeding 1000 km s−1 are present all the way out to radii
5 − 15 kpc for all cases shown.
Fig. 12 allows us to identify various clear trends:
• At fixed small-scale wind speed, the maximum, and to
a smaller extent the mean (solid curve), velocities of the
large-scale outflows increase with AGN luminosity, as seen
by comparing the leftmost and rightmost panels.
• At fixed AGN luminosity, the maximum, and to a
smaller extent the mean (solid curve), velocities of the large-
scale outflows increase with the speed of the small-scale
wind, as can be concluded from comparison between the
leftmost and central panels.
• The brighter the AGN, the more spatially extended the
large-scale outflow. Similarly, the faster the small-scale wind,
the more spatially extended the large-scale outflow.
• While some gas remains ultra-fast, with vout >
3000 km s−1 out to ∼ kpc scales, the maximum outflow ve-
locity tends to fall with radius.
• The highest velocity component is associated with pure
wind fluid with P ≈ 1 and with a hybrid phase consisting
of a mixture of ambient and wind gas with P & 0.1. Gas
with lower wind concentration is slower, typically with vout .
2000 km s−1.
All these trends are consistent with the expectation that
outflows become faster and more mass-loaded if the AGN
injects more energy. This can be achieved either by raising
the speed of the small-scale wind or the AGN luminosity.
4.3.1 Moderate small-scale winds
We now take a closer look at how the properties of the large-
scale outflow vary with AGN luminosity at fixed (small-
scale) wind speed vw. To start with, we investigate the
disc-LXX-β0.02 simulation set, in which, we recall, the wind
speed is vw = 5000 km s−1.
We compute mass-weighted mean radial velocities 〈vout〉
by averaging over all cells in the simulation with radial ve-
locities vrad > vnoAGN = 250 km s−1. The threshold velocity
vnoAGN corresponds to the maximum radial velocity reached
in disc-noAGN. The resulting mass-weighted mean radial ve-
locities are finally averaged over all simulation snapshots in
the time interval [t0, t0 + tAGN], the period associated with
the first outflow event. Similarly, we add up the radial mo-
mentum pi = mivrad, i and kinetic energy Ekin,i =
1
2miv
2
rad, i
of each cell with vrad > vnoAGN to obtain expressions for
the time-averaged momentum flux and kinetic luminosity
〈 ÛPout〉 = (∑i pi) /ton and 〈 ÛEkin〉 = (∑i Ekin,i ) /ton, respec-
tively, where ton = t − t0.
Fig. 13 shows mass-weighted velocity (left-hand panel),
radial momentum (central panel) and kinetic luminosity
(right-hand panel) as a function of AGN luminosity. The
black symbols, which illustrate the results for simulations
performed with vw = 5000 km s−1, show a correlation be-
tween the speed of the large-scale outflow and the AGN lu-
minosity. For LAGN = 1045 erg s−1, the mean speed of the
outflow is vout ≈ 320 km s−1, barely above vnoAGN, while for
LAGN = 1047 erg s−1, it exceeds vout ≈ 1100 km s−1. Linear
regression gives a best fitting line with vout ∝ 400km s−1 ×
log10
(
LAGN
erg s−1
)
, shown on the left-hand panel as a dashed line.
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Figure 12. The distribution of gas radial velocity as a function of radial distance from the AGN in disc-L46-β0.02 (left-hand panel),
disc-L46-β0.1 (central panel) and disc-L47-β0.02 (right-hand panel) during the time period tAGN over which an AGN wind is being
injected. In colour, we show the relative mass contribution to each bin in the left-hand and central panels and the mean wind tracer
concentration in the right-hand panel. The velocity structure of the resulting large-scale outflows is complex, but various simple trends
emerge: the brighter the AGN or the faster the small-scale wind, the faster and more spatially-extended the large-scale outflow becomes.
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Figure 13. The speed (left-hand panel), radial momentum flux (central panel) and kinetic luminosity (right-hand panel) of the large-
scale outflow as a function of AGN luminosity for a small-scale wind with vw = 5000 km s−1 (black symbols) and vw = 30000 km s−1 (red
symbols). At fixed small-scale wind speed, the speed of the large-scale outflow scales with AGN luminosity. For vw = 5000 km s−1, the
large-scale momentum fluxes are moderate . LAGN/c because the small-scale winds carry only a small fraction of the total liberated
AGN energy, while for vw = 30000 km s−1, we find that 〈 ÛPout 〉 > LAGN/c. At the highest luminosities, the large-scale outflow asymptotes
toward a value of order the kinetic luminosity of the small-scale wind. However, at lower AGN luminosities, the outflowing bubble has
to do significant work to climb up the gravitational potential and to counter the ambient pressure.
The outflow radial momentum flux ÛPout also scales with
AGN luminosity, though, for all simulations with vw =
5000 km s−1, we find ÛPout . LAGN/c. Similarly, while the
small-scale wind in these simulations has a kinetic luminos-
ity ÛEw ≈ 0.008LAGN, the kinetic luminosity of the large-scale
outflows is always considerably lower with ÛEout ≈ 0.004LAGN
for LAGN = 1047 erg s−1 and ÛEout < 10−4LAGN for LAGN =
1045 erg s−1.
4.3.2 Fast small-scale winds
At fixed AGN luminosity, more energetic small-scale winds
result in faster outflows. The properties of the large-scale
outflows in the two disc-LXX-β0.1 simulations, in which
vw = 30000 km s−1, are shown with red stars in Fig. 13.
There is a significant large-scale outflow even at LAGN =
1045 erg s−1, with a speed vout ≈ 700 km s−1, i.e. higher
by a factor 2 than in the corresponding simulation with
vw = 5000 km s−1. As also seen in the previous section, the
mean outflow speed also rises with AGN luminosity, exceed-
ing vout ≈ 1000 km s−1 at LAGN = 1046 erg s−1. The slope of
〈vout〉 with AGN luminosity is consistent with the linear fit
found for the simulations with moderate small-scale winds,
but with a normalisation that is higher by about 400 km s−1.
We now find ÛPout > LAGN/c; for disc-L45-β0.1 and
disc-L46-β0.1, we obtain ÛPout ≈ 3LAGN/c and ÛPout ≈
5LAGN/c, respectively. Similarly, we find kinetic luminosi-
ties ranging from ≈ 0.008LAGN to ≈ 0.02LAGN, once again
finding that ÛEout  ÛEw at lower AGN luminosities.
4.3.3 Condition for launching outflows
The fact that ÛPout . LAGN/c in all simulations with vw =
5000 km s−1 may seem surprising. Energy-driving is typically
expected to generate outflows with ÛPout > LAGN/c and ob-
served outflows with ÛPout . LAGN/c are often interpreted as
momentum-driven or radiation pressure-driven.
It is possible for ÛPout . LAGN/c even in the presence
of expanding, shocked wind bubbles. For an energy-driven
outflow, the momentum transfer rate is, at most, equal to
Ûpmaxout = 2 f ÛEw/vout = β f LAGN/vout = f (vw/vout) LAGN/c,
where f is the fraction of the wind’s energy that ends up
in kinetic energy of the large-scale outflow. For outflow ve-
locities vout ≈ 1000 km s−1 and vw = 5000 km s−1, we ex-
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Figure 14. The net acceleration along the disc rotation axis for
outflowing gas as a function of absolute vertical distance from
the AGN for the simulations with a small-scale wind with vw =
5000 km s−1 and LAGN = 1045 erg s−1 (solid, blue curve), LAGN =
5×1045 erg s−1 (dashed, violet curve) and LAGN = 1046 erg s−1 (dot-
ted, orange curve). The green, dash-dotted curve shows the ac-
celeration profile for the simulation with vw = 30000 km s−1 and
LAGN = 1045 erg s−1. At lower AGN luminosities and lower small-
scale wind speeds, the outflow stalls within a few 10 pc from the
AGN. At higher luminosities or small-scale wind speeds, there is
acceleration all the way out to the disc height, after which out-
flows break-out and begin propagating into the halo.
pect Ûpmaxout = 5 f LAGN/c. If, for instance, about one quar-
ter or one half of the wind’s original energy is retained
in kinetic form ( f = 0.25 − 0.5) in the large-scale out-
flow (e.g. Faucher-Gigue`re & Quataert 2012), we should find
Ûpmaxout . 1 − 2LAGN/c, as seen for the higher luminosity sim-
ulations in Fig. 13.
At low luminosities, where large-scale outflows are typ-
ically slower, we, however, find that Ûpout/(LAGN/c) drops,
while, na¨ıvely, it would have been expected to rise as
(vw/vout) increases. Fig. 13, in fact, suggests that Ûpout → 0
and ÛEout → 0 as LAGN approaches a threshold value of
Lcrit ∼ 1045 erg s−1.
In order to understand the origin of this critical lumi-
nosity, we compute the acceleration along the disc rotation
axis, which is also the outflow propagation axis, by evaluat-
ing the hydrodynamic momentum equation
az =
∂vz
i
∂t
= − 1
ρi
∂Pi
∂z
−
(
vxi
∂vz
i
∂x
+ v
y
i
∂vz
i
∂y
+ vz
i
∂vz
i
∂z
)
− ∂φi
∂z
,
(27)
for every gas cell i with P ≥ 10−3, such that all wind material
(shocked and un-shocked) as well as any swept-up ambient
medium component experiencing significant mixing with the
wind fluid are taken into account.
In Fig. 14, we plot the 90th percentile of the az distribu-
tion as a function of |z− z0 |, the absolute value of the height
above or below the disc plane. The net acceleration az is nor-
malised to ∂φ/∂z. For disc-L45-β0.02 (solid, blue curve),
we find net acceleration away from the disc at |z−z0 | . 60 pc.
Already at |z − z0 | & 30 pc, the net outward acceleration is
comparable, in magnitude, to the inward, gravitational ac-
celeration. At |z−z0 | & 60 pc, the net acceleration is negative,
i.e. towards the disc. Thus, while there is some acceleration
within the central ≈ 60 pc, the pressure gradient associated
with the shocked wind bubble is not sufficient for it to break
out of the galaxy and launch a large-scale outflow. For disc-
L5e45-β0.02 (dashed, violet curve), we instead find net out-
ward acceleration at all scales, though most strongly in the
central ≈ 60 pc. At larger scales we find that |az | ≈ ∂φ/∂z. In
this simulation, even though the outflow breaks out of the
galaxy, its pressure is still comparable to the pressure of the
ambient medium. Following the same trend, in disc-L1e46-
β0.02 (dotted, orange curve), we find yet higher acceleration
at all scales with a magnitude that significantly exceeds that
induced by the gravitational potential.
In the absence of any AGN wind, the ambient medium
pressure roughly balances gravity in the z-direction. Intro-
ducing a fast, nuclear wind at a relatively low AGN lumi-
nosity only weakly disturbs this equilibrium, resulting in a
small shocked bubble that stalls as its pressure drops. The
significant amount of work done to overcome the pressure
of the surrounding gas means that comparatively little en-
ergy remains in kinetic form, resulting in the dramatically
low large-scale outflow kinetic luminosities seen for the low-
luminosity end in Fig. 13. In the limit of high AGN lumi-
nosities, however, the pressure gradient is set entirely by the
shocked wind bubble, which then expands insensitively to
either counter-pressure from the ambient gas or gravity. As
a large proportion of injected energy is retained in kinetic
form in the large-scale outflow, its kinetic luminosity begins
to asymptote towards the maximum possible value.
If β = 0.1 and given the same AGN luminosity, the
pressure associated with the shocked wind bubble should
be higher by a factor ≈ 3. The green, dash-dotted curve in
Fig. 14 shows the acceleration for disc-L45-β0.1. In con-
trast with disc-L45-β0.02 (solid, blue curve), there is now
significant acceleration at all scales.
4.3.4 Resolution considerations
The open circles and triangles in Fig. 13 show results from
the high-resolution and low-resolution simulations, respec-
tively. At LAGN = 1046 erg s−1, there is clear convergence
in our results, as the difference between the fiducial and
high-resolution data points is significantly smaller than that
between the fiducial and low-resolution data points. For in-
stance, the mean outflow speed grows only by . 5% between
fiducial and high-resolution simulations, while it drops by
≈ 25% between fiducial and low-resolution simulations.
At LAGN = 1045 erg s−1, the outflow velocity also ap-
pears to change only little with resolution. The discrepancy
between fiducial and high resolution simulations is, how-
ever, much larger for the momentum flux and kinetic lu-
minosity. In this regime, where there is a steep gradient
in ÛPout/(LAGN/c) and ÛEout/LAGN, convergence is naturally
harder to achieve. It is therefore likely that, with increasing
resolution, the precise value of the threshold luminosity at
which large-scale outflows break-out of the disc is somewhat
lower than seen in our simulations.
4.4 Impact on the host galaxy
The large-scale outflows launched in our simulations can af-
fect star formation through three channels:
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Figure 15. Left: Star formation history in the simulation without AGN feedback (black curve) and in our various simulations that
include AGN winds. The star formation rate initially increases, reaching a peak at t ≈ 100 Myr. As the high density tail of the gas phase
is converted into stars and gas accretion drops, the star formation rate falls off. AGN winds clearly suppress star formation, though
only by a factor < 4. For the simulated halo, the reduction in star formation exceeds that expected from preventing halo gas cooling
(gray curve). Right: Gas density modulation (y-axis) vs. variation in the star-forming gas mass (x-axis) as a function of time (which is
represented with size of the plot symbols). The mass in star-forming gas increases with time even in the presence of AGN winds. The
drop in the star formation rate is instead predominantly caused by preferential elimination of high density gas through its interaction
with AGN-driven winds. In the absence of AGN winds, star formation shifts to larger radii (the colour of the symbol gives the radius
enclosing half of the total star formation rate) as the dense nuclear reservoir is depleted, but AGN winds accelerate this shift.
(i) Prevention of accretion of new material from the
gaseous halo, via heating and ejection of halo gas.
(ii) Depletion of the star-forming gas reservoir through
net ejection from the host galaxy (galaxy ‘blow-out’).
(iii) Modulation of gas density, i.e. the prolongation of
the gas depletion timescale, through preferential removal or
destruction of high-density gas.
Gas ejection plays a role in all channels. In (i), halo gas
is ejected, in (ii) the mass in star-forming gas drops and in
(iii) AGN causes a drop in the gas density, while the mass
in star-forming gas could remain unchanged.
In order to narrow in on the dominant star formation
channel, we perform an additional simulation, which we call
disc-noAGN-noCooling, where, starting at t = t0, we disable
radiative cooling for gas with nH < 0.028 cm−3. This density
threshold corresponds to 0.1nth, the density at which the
gas temperature jumps from T ≈ 104 K to T > 106 K. In
this simulation, gas which is already cold can continue to
collapse and form stars, but hot halo gas can no longer cool
and contribute to star formation. If the prevention of gas
accretion is the main star formation suppression channel,
we should expect the star formation history of simulations
performed with AGN winds to resemble the star formation
history of disc-noAGN-noCooling.
Star formation histories for disc-noAGN (thick, black
curve), disc-noAGN-noCooling (grey curve) and the simu-
lations performed with AGN winds are shown in Fig. 15.
Comparing disc-noAGN and disc-noAGN-noCooling, we see
that it takes several 10 Myr for the suppression of halo gas
accretion to cause noticeable differences in the star forma-
tion history. The star formation rate begins to fall off more
steeply in disc-noAGN-noCooling than in disc-noAGN only
at t & 210 Myr. In contrast, star formation is suppressed
immediately at t ≈ 150 Myr in all simulations with AGN
winds. Clearly, channel (i) does not operate on its own.
We also see that, as the AGN luminosity increases, and
as ηduty decreases, the magnitude of immediate star forma-
tion suppression increases. Suppression also becomes more
efficient if the speed of the small-scale wind increases, as seen
by comparing, for instance, the two violet curves. These re-
sults, however, are consistent with both suppression channels
(ii) and (iii).
In order to establish which of channels (ii) and (iii)
is dominant, it is useful to define the quantity m(t) =
MISM + M?. If m(t) increases, replenishment from inflowing
gas more than compensates for losses due to gas ejection, if
m(t) decreases, destruction or ejection through AGN winds
dominate. Finally, if m(t) does not change, either gas de-
struction by AGN winds and replenishment due to inflow
compensate exactly or the galactic gas is simply converted
into stars. On the right-hand panel of Fig. 15, we plot the
evolution of the 95th percentile of the density of star-forming
gas, i.e. gas with density greater than nth, against m(t). While
the star formation rate drops in all simulations, including
those without AGN winds, we find that m(t) increases in ev-
ery case, growing by about 40 − 50% in the 50 Myr following
the first AGN outburst. This result unambiguously shows
that the drop in star formation seen on the left-hand panel
of Fig. 15 is not driven by a net loss of the star-forming gas
reservoir. Instead, the drop in star formation is caused by a
sudden decline in the abundance of high-density gas.
With time, the abundance of high-density gas thins out
in all simulations. Star formation activity shifts to lower den-
sity gas residing in the extended disc well outside of the
galactic nucleus (see coloured symbols on the right-hand
panel of Fig. 15). For instance, half of star formation oc-
curs within the innermost ≈ 400 pc at t = 150 Myr, but at
≈ 1.3 kpc at t = 250 Myr in the simulations without AGN
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Figure 16. Decrement in cumulative stellar mass since t =
150 Myr as a function of time. At early times, stellar mass growth
is impeded mostly via removal of dense gas by the outflows. The
higher the AGN luminosity or the faster the small-scale wind, the
more significant the suppression. At later times, interruption of
halo gas accretion emerges as a more dominant channel for star
formation suppression in most simulations.
feedback. In contrast, the AGN-driven outflow only prop-
agates out to a radius of . 500 pc along the disc plane.
Since, at later times, much of the star-forming gas is shielded
from the wind, which is funnelled towards the galactic poles
(Fig. 11), it becomes increasingly unlikely for the AGN to
have an appreciable direct effect on the star formation his-
tory. Accordingly, the amplitude of the star formation leaps
associated with AGN outbursts becomes smaller with time
(Fig. 15).
Instead, AGN winds begin to operate primarily through
their effect on halo gas. The left-hand panel of Fig. 15
shows that the star formation histories of all simulations
performed with AGN winds indeed share the same shape as
disc-noAGN-noCooling after t ≈ 250 Myr. We verify that,
by this time, gas accretion is countered in all our simula-
tions with AGN winds except disc-L1e45-β0.02. In disc-
L5e45-β0.02, we measure an inflow rate of ≈ 40 M yr−1 at
R = 10 kpc at t ≈ 300 Myr and ≈ 25 M yr−1 at t ≈ 450 Myr.
In disc-noAGN, the corresponding values are ≈ 80 M yr−1
and ≈ 45 M yr−1, and in disc-noAGN-noCool, they are
≈ 30 M yr−1 and ≈ 20 M yr−1 at the respective times.
The difference in stellar mass between simulations
disc-noAGN-noCooling and disc-noAGN can be used as an
estimate of the maximum decrement in stellar mass that
can be caused by suppressing halo gas accretion. Remaining
differences between our simulations with winds with respect
to disc-noAGN-noCooling thus can be attributed entirely to
ejection and destruction of star-forming gas. In Fig. 16, we
plot the difference in the cumulative stellar mass between
our simulations with respect to disc-noAGN. The hatched
region gives the decrement caused by stymied halo gas ac-
cretion, or channel (i) in the list presented at the begin-
ning of this section. The coloured regions instead display
the decrement caused by the removal of dense gas from the
host galaxy, or channel (iii), in our different simulations. At
the onset of AGN wind injection, virtually all star formation
suppression is caused by the removal of dense gas by the first
outflow episode. The magnitude of the stellar mass decre-
ment grows with AGN luminosity and wind speed, since
the resulting outflows are more energetic. Suppression of
halo gas accretion gains importance in most simulations at
t ≈ 450 Myr, a few 100 Myr after the first outburst.
5 DISCUSSION
5.1 Numerically modelling AGN winds
In the smoothed-particle hydrodynamic (SPH) simulations
of Springel et al. (2005) and Di Matteo et al. (2005), black
holes are treated as sink particles and black hole accretion
is modelled as a Bondi-Hoyle flow. The density, speed of
sound and gas velocity around the black hole sinks, which
are required to estimate the accretion rate, are estimated
by performing an SPH average over a number of neighbours
which is typically Nngb = 16 − 512. AGN feedback, in turn,
is modelled by injecting an amount of thermal energy EAGN
into the SPH neighbours at a rate that is directly propor-
tional to the AGN bolometric luminosity.
While some modifications have been introduced to re-
duce numerical overcooling (Booth & Schaye 2009), black
hole accretion and quasar feedback follow this basic model in
most state-of-the-art cosmological simulations (Vogelsberger
et al. 2013; Schaye et al. 2015; Weinberger et al. 2017). In
other models, however, energy is injected in kinetic form into
a number of cell/particle neighbours (e.g. the ‘low accre-
tion mode’ in Weinberger et al. 2017), ostensibly producing
stronger feedback (e.g. Choi et al. 2012; Barai et al. 2016).
In this section, we review the motivation behind mod-
elling AGN feedback via thermal- and kinetic energy injec-
tion and highlight the differences with respect to our new
model.
5.1.1 The cases for and against pure thermal energy
injection
Depositing a thermal energy EAGN into a region with mass
Mngb increases its temperature by, at most, αEAGN/Mngb,
where α = (γ − 1) µmpk−1B . Depending on the shape of the
weighting kernel determining how much energy each resolu-
tion element receives, the temperature rise may amount to
 αEAGN/Mngb for many cells/particles. While the value of
the pressure exerted by the injection region and its radial
profile thus depend on numerical parameters such as Mngb,
resolution and the shape of the weighting kernel, thermal
energy injection always operates by generating hot, over-
pressurised bubbles that expand through ‘PdV’ work on sur-
rounding gas (e.g. Costa et al. 2014).
The ability of this model to physically capture wind-
powered AGN feedback may be questioned, because explicit
mass and momentum deposition are neglected (e.g. Ostriker
et al. 2010). During free-expansion, when the wind’s ram
pressure dominates over its thermal pressure (see Section 3),
thermal energy injection indeed provides a poor approxima-
tion. However, free-expansion takes place at scales of ≈ 0.1-
− 100 pc (Eq. 15). This scale is either unresolved or only
marginally resolved in typical galaxy evolution simulations,
as we have verified with our own simulated disc galaxies
(Section 4). Moreover, as we have shown in Section 3, out-
flows driven by a small-scale wind become energy-driven af-
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ter the wind crosses the free-expansion radius. At this point,
the bulk of the wind’s kinetic energy is converted into ther-
mal form; for a strong shock, ≈ 89% of the wind energy just
behind the shock is thermal. If the free-expansion radius is
not resolved, the outflow enters the energy-driven phase at
the resolution scale directly (see Section 3.5). In this case,
its energy content will be predominantly thermal immedi-
ately after injection (Fig. 9), not unlike in the hot bubbles
generated via thermal energy injection. Consequently, and
as shown directly in Costa et al. (2014), the dynamics of
energy-driven outflows can, in principle, be reproduced ac-
curately with standard thermal energy injection models.
Nevertheless, there is consensus that, on its own, contin-
uous deposition of thermal energy into gas at scales of ∼ 100 -
− 1000 pc, the typical resolution afforded by high-resolution
cosmological ‘zoom-in’ simulations, does not regulate star
formation in massive galaxies effectively (e.g. van der Vlugt
& Costa 2019). As pointed out in Booth & Schaye (2009),
this inefficiency, however, is largely a consequence of nu-
merical cooling losses caused by insufficient resolution and
also, as shown in Weinberger et al. (2018), by the enforce-
ment of an effective equation of state to model dense star-
forming gas. Deviation from purely energy-driven dynamics
and weakened feedback can thus arise due to violation of
adiabaticity caused by insufficient resolution.
We recall that the shocked wind bubble should typi-
cally not undergo significant cooling losses (see Sections 2.1.2
and 3.4.2) and severe cooling losses are therefore at odds
with the wind-based feedback scenario explored in this
study. One way to prevent numerical overcooling and rec-
oncile the qualitative dynamics of outflows, as generated via
thermal energy injection, with physical, energy-driven out-
flows is to increase the numerical resolution and reduce Mngb
(e.g. Curtis & Sijacki 2015). If higher resolution cannot be
achieved, numerical corrections that circumvent overcooling,
such as storing up thermal energy and injecting it only once
it can offset radiative cooling (Booth & Schaye 2009), likely
lead to better qualitative agreement with the energy-driven
outflows generated in our simulations. Quantitative differ-
ences in the thermodynamic properties of the different out-
flow zones should nevertheless remain. For instance, while in
our model, the post-shock temperature, pressure and den-
sity of the wind is determined self-consistently based on vw,
τ and LAGN, the properties of the over-pressurised bubble, as
generated via thermal energy injection, are set by the num-
ber of cell/particle neighbours, the resolution and the shape
of the weighting kernel.
Unlike in models based on thermal energy injection, the
model presented in this paper also accurately reproduces the
free-expansion phase, provided this can be resolved. It thus
correctly predicts when the solution becomes energy-driven
or if it should be momentum-driven (see Section 3.4.2). It
can therefore be meaningfully applied to higher-resolution,
smaller-scale simulations, predicting the correct outflow dy-
namics in e.g. studies targeting the interaction between AGN
winds and the interstellar medium or accretion flows within
galactic nuclei. The energy-driven models used in Costa
et al. (2014) or Curtis & Sijacki (2015) and models based
on thermal energy injection in general instead implicitly as-
sume that thermalisation occurs instantaneously, which may
be invalid at . 100 pc scales. Thus, while we expect agree-
ment at galactic halo scales, differences between the effects
of outflows driven in thermal energy injection models and
our new model are likely to be most pronounced at the scale
of the host galaxy and, in particular, the galactic nucleus.
5.1.2 The cases for and against pure kinetic energy
injection
In various models, energy is injected in kinetic form, typi-
cally producing stronger feedback than achieved by thermal
energy injection. In one variant, no wind mass is explicitly
added into the simulation domain (e.g. Weinberger et al.
2017). Instead a wind is generated by depositing an energy
EAGN into a region of fixed mass Mngb, such that the velocity
of each gas cell should be incremented, at most, by
vkick =
(
2EAGN
Mngb
)1/2
. (28)
Since the velocity imparted to local gas depends on the AGN
luminosity through EAGN and on the choice of Mngb, we refer
to this model the variable-speed kinetic energy (VSK) injec-
tion model. In order to understand how a wind launched us-
ing VSK evolves, we recall the basic expectations outlined in
Section 2 and confirmed in Section 3 with simulations. If vkick
significantly exceeds the sound speed of the medium sur-
rounding the injection region, the kinetic energy-dominated
wind initially moves outwards ballistically. Initially, its mass
is large compared to the mass it has encountered. If it prop-
agates through a homogeneous medium of density ρ0, the
wind, assumed to propagate into a solid angle Ω = 4pib, will
have swept-up a mass equal to its own and thermalised at a
radius
Rkinfree =
(
3
Ω
Mngb
ρ0
)1/3
(29)
≈ 540 b−1/3
( Mngb
108 M
)1/3 ( n0
10 cm−3
)−1/3
pc .
At Rfree, there will be two separate shocked phases: a hot, in-
ternal shocked wind phase and a cooler outer shell of swept-
up gas (Costa et al. 2014, 2015), as also seen in Fig. 1 of
Weinberger et al. (2017) or Fig. 2 of Nelson et al. (2019).
Eq. 29 can be compared with the free-expansion radius
(Eq. 15) of a small-scale AGN wind as modelled in this pa-
per, assuming this propagates through the same medium
towards the same solid angle:
Rkinfree
Rfree
≈ 170
( Mngb
108 M
)1/3 ( n0
10 cm−3
)1/6
×
(
β
0.1
) (
LAGN
1045 erg s−1
)−1/2
b1/6τ−1/2 . (30)
For the typical resolution reached in large cosmological sim-
ulations, i.e. mtarget ∼ 106 M and a number of neighbours
∼ 100, winds driven in VSK typically thermalise one to
two orders of magnitude larger scales than predicted by our
model. Since kinetic energy cannot be radiated away, it is no
surprise that VSK results in stronger feedback than achieved
via continuous thermal energy injection at low resolution.
Eq. 30 also indicates that bringing VSK and our model into
quantitative agreement is not straightforward and requires
fine-tuning of six different variables.
While vkick is variable at injection in VSK in time due
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to its dependence on EAGN and spatially due to kernel-
weighting, the wind speed vw is a constant in our model.
In our model, the choice of vw is based on fundamen-
tal radiation-hydrodynamic simulations of disc-driven winds
(e.g. Nomura et al. 2016), which predict that small-scale
winds attain well-defined terminal speeds at scales R ∼
100rg. The assumption of a fixed wind speed at injection
allows us to connect and test our numerical model on ro-
bust, analytical descriptions of the interaction between ac-
cretion disc winds and the surrounding medium (King 2003;
Faucher-Gigue`re & Quataert 2012). The speed of the wind
determines the temperature of the shocked wind bubble (see
Eq. 16) and, hence, the strength of the energy-driven phase.
Since vw is fixed in our model, it predicts a much narrower
range of post-shock temperatures than in VSK, and there-
fore impacts the abundance and thermodynamic properties
of the hottest gas phase.
We highlight also that, since they typically thermalise
at larger scales, the winds launched in VSK can ‘disguise’
as cold large-scale outflows, because, by construction, ther-
malisation occurs much later and potentially at kpc scales.
If Mngb ∼ 108 M, a significant fraction of the outflow mass
thus may be cold, consisting of freely-expanding ejecta and
not e.g. of swept-up ambient medium which has cooled down
(as in Costa et al. 2015) or of clouds which survive after
passing a forward shock.
Another significant difference is the mass and density
associated with the shocked wind component. In our model
the wind density is remarkably low (Eq. 12) and even for
LAGN = 1047 erg s−1, nw ∼ 10−5 cm−3 at R = 10 kpc. In-
stead, launching ∼ 108 M at high-speed leads to densities
∼ 10−3 cm−3 at the same scale irrespective of the AGN lu-
minosity. The much higher densities in VSK, which cause
the thermalisation to occur at larger radii, have a number
of repercussions: 1) there are likely to be significant differ-
ences in predictions for e.g. X-ray emissivity or the Sunyaev-
Z’eldovich signal associated with hot gas and 2) it is now vir-
tually impossible for solutions to become momentum-driven
if AGN Compton cooling was to be included.
In contrary to VSK, in our model, changes in AGN lu-
minosity translate into variations in the mass flux across the
spherical boundary (see e.g. Eq. 9). It is also possible to de-
vise a variable-mass kinetic energy (VMK) injection model,
where a fixed wind speed vkick is assumed (e.g. Choi et al.
2012; Barai et al. 2016; Angle´s-Alca´zar et al. 2017) and,
given an energy EAGN, inject it into a variable mass Mkick
given by
Mkick =
2EAGN
v2kick
=
2η
v2kick
LAGN∆t , (31)
where ∆t is the duration of a timestep and η is a free-
parameter giving the fraction of the instantaneous AGN
bolometric luminosity which is converted into kinetic energy.
The ejected mass Mkick cannot be smaller than the mass res-
olution mtarget. The latter sets a characteristic energy Emin
that needs to be accumulated before Nkick cells/particles can
be ejected:
Emin = η
∑
LAGN∆t = η〈LAGN〉tAGN = 12Nkickmtargetv
2
kick .
(32)
This expression can be rearranged into
Nkick ≈ 16
( η
0.05
) ( 〈LAGN〉
1046 erg s−1
) (
tAGN
Myr
)
×
(
vkick
104 km s−1
)−2 ( mtarget
106 M
)−1
. (33)
We see that relatively long timescales of tAGN ∼ Myr
are required even for high time-averaged AGN luminosi-
ties of 〈LAGN〉 ∼ 1046 erg s−1 before 16 resolution elements
are ejected if mtarget ∼ 106 M. Raising the wind speed to
vkick = 30000 km s−1 or setting η = 0.005 extends the re-
quired mean luminosity or the required timescale by yet an-
other order of magnitude.
Low resolution effectively decouples the ejected mass
from the instantaneous AGN luminosity, in contradiction
with e.g. Eq. 9. Limiting the number of ejected resolution
elements to a number even smaller than 16 would reduce
Emin. However, it would also mean that the wind solid angle
is severely under-sampled. At low Nkick, the wind is discre-
tised into a small number of ‘bullets’ that are ejected in a
few directions, significantly reducing b in Eq. 15. If the solid
angle is under-sampled, the free-expansion radius can be ex-
tended, and the transition into the energy-driven phase may
occur at larger radii than expected. As in VSK, a delay in
thermalisation renders VMK more efficient than continuous
thermal energy injection.
In our model, the AGN wind is injected by updating
the fluxes across a boundary and not by ejecting gas cells
explicitly. It therefore ensures that the wind mass flux re-
mains coupled to the instantaneous AGN luminosity. Since
injection occurs across the desired solid angle by construc-
tion, our model also does not risk overestimating the ther-
malisation radius.
5.1.3 Injection into nearest neighbours
Injection into nearest neighbours is susceptible to various
other numerical problems. In Lagrangian codes, the resolu-
tion around the accreting black hole is lost when the cen-
tral resolution elements are driven outwards through AGN
outflows. Since energy is injected into a fixed number of
neighbours (and not into a fixed volume), the spatial scale
at which energy is deposited tends to increase, artificially
compensating for adiabatic cooling losses. In extreme cases,
injection may occur directly at several kpc scales, sometimes
resulting in conspicuous holes in the centre of simulated
galaxies. The injection procedure proposed in this study al-
leviates these problems in two ways: i) injection occurs at
a fixed spatial scale independently of the configuration of
the gas cells surrounding the black hole and ii) wind mass is
explicitly injected along with momentum and energy, com-
pensating for mass expulsion.
Another potential concern with nearest neighbour injec-
tion in Lagrangian codes is that injection is effectively mass-
weighted and may occur along preferred directions (e.g. the
disc plane). Hopkins et al. (2018) illustrate how the fail-
ure to ensure statistical isotropy and conservation of mass,
momentum and energy in supernova feedback, for instance,
generates artificial torques that can drastically alter the mor-
phology of the simulated galaxies. Our model explicitly con-
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serves mass, momentum and energy and ensures statistical
isotropy, thus overcoming all these issues.
5.2 How star formation is suppressed
In Section 4.4, we see that a single AGN feedback mechanism
can influence the star formation history through multiple
channels. Such multi-faceted effects on the star formation
history have been reported for other mechanisms, such as
for radiation pressure on dust (Costa et al. 2018a,b), and
also in simulations which adopt VSK and VMK recipes for
AGN feedback (e.g. Barai et al. 2018; Zinger et al. 2020).
Here we show that physical, small-scale AGN-driven winds,
(i) eject and destroy star-forming gas from the galactic nu-
cleus and (ii) expel halo gas. Removal of dense gas causes
rapid suppression in the star formation rate by factors . 3,
whereas ejection from the gaseous halo operates on longer
∼ 100 Myr timescales, by speeding up the decline in the halo
gas inflow rate.
In no simulation, even those with extreme AGN lumi-
nosities LAGN & 1047 erg s−1 do we find rapid, thorough star
formation quenching. In our disc galaxy simulations, com-
plete quenching would require the destruction of the gas
disc, which is implausible since even spherical outflows be-
come collimated by the ambient gas density field and escape
through paths of least resistance (see also Gabor & Bour-
naud 2014; Costa et al. 2014). In Section 4, direct gas ejec-
tion becomes relatively unimportant once the nuclear gas
reservoir is depleted and star formation shifts to the ex-
tended disc component. These results indicate that rapid
quenching due to gas ejection through small-scale AGN
winds is likely only in systems where the star formation
region is highly compact, concentrated around the galac-
tic nucleus and approximately spheroidal. Potential sites
are thus high-redshift, compact, star-forming galaxies (e.g.
Barro et al. 2013; Straatman et al. 2015).
Some theoretical work, however, suggests that ejection
even in such extreme circumstances may not result in long-
term quenching. Dubois et al. (2013) perform ‘zoom-in’ sim-
ulations of a 5 × 1011 M halo at z > 6, indeed finding that
AGN feedback quenches star formation effectively in the in-
nermost 50 pc, with star formation levels of ≈ 10 M yr−1 per-
sisting within ≈ 3.5 kpc. In the cosmological simulations of
Costa et al. (2018b), where AGN feedback is investigated in
a remarkably compact (R . 500 pc), massive galaxy hosted
in a ∼ 1012 M halo at z > 6, both radiation pressure on
dust and AGN winds, modelled through continuous ther-
mal energy injection, fail to completely halt star formation
even if a bright central quasar is active for 100 Myr. Nar-
row, dense filaments of cold gas that continuously replenish
the central galaxy and, given their small solid angle, are re-
silient to even powerful AGN-driven outflows. Bourne et al.
(2015) and Curtis & Sijacki (2016) further show that cold
gas ejection and star formation suppression become increas-
ingly inefficient as the resolution increases.
The available channels for star formation suppression
are only as sophisticated as the star formation model
adopted in the simulation. In most simulations, star forma-
tion depends mainly on the gas density and, due to insuf-
ficient resolution, most current simulations cannot resolve
the low volume-filling cold phase of the interstellar medium.
Small-scale, high-density gas clouds may be disrupted by
an AGN wind without ejection from the galaxy (e.g. Hop-
kins & Elvis 2010) and the injection of solenoidal turbu-
lence may counter cloud collapse (e.g. Federrath & Klessen
2012). Many such new channels may be uncovered by apply-
ing physical AGN feedback models to high-resolution studies
of the interstellar medium.
5.3 Limitations of our model
The main simplifying assumption made in this study is that
the small-scale wind is continuous, smooth and has a well-
defined velocity vw and momentum flux ÛPw. Observational
evidence (e.g. Gofford et al. 2015), for example, indicates
that the speed of accretion disc winds may scale weakly with
the AGN luminosity as vw ∝ L1/2AGN. In addition, theoretical
work suggests that the speed of the wind depends on the
scale within the accretion disc from which it is driven (e.g.
Yuan & Narayan 2014). Equally, the speed is predicted to
depend on solid angle and is typically highest along the edges
of the accretion disc, and somewhat lower at low inclinations
(e.g. Nomura & Ohsuga 2017). Simulations of radiatively-
inefficient accretion discs (e.g S ↪adowski et al. 2013), for in-
stance, predict two distinct outflow components: (i) a col-
limated, jet and (ii) a wide-angle, sub-relativistic wind. In
principle, our model is able to accommodate these more com-
plex wind structures. For instance, we could choose to let
vary vw vary with LAGN and with the solid angle in accor-
dance with AGN disc wind simulations.
There are otherwise various other, likely important,
missing physical ingredients in our model. One question
we investigated in this paper is whether inverse Comp-
ton scattering from AGN photons can act as an efficient
cooling mechanism for shocked wind close to the AGN
(Section 3.4.2). King (2003), for example, assumes that
the wind thermalises within the Compton cooling radius
and that the protons and electrons within shocked wind
plasma rapidly reach thermal equilibrium. Faucher-Gigue`re
& Quataert (2012), however, argue that the Coulomb equi-
libration timescales in the shocked wind phase can be sig-
nificant and that inverse Compton scattering should not
efficiently cool the shocked wind. In Section 3.4.2, we as-
sumed that protons and electrons reach equilibrium instan-
taneously and nevertheless found that Compton cooling is ef-
ficient only for very high AGN luminosities and high ambient
densities, for homogeneous media. Prolonging the equilibra-
tion timescales would only suppress Compton cooling even
further reducing the parameter space in which momentum-
driven solutions can occur.
Other physical processes which may be important in-
clude acceleration of cosmic rays in both reverse and forward
shocks and AGN radiation. Non-thermal pressure from cos-
mic rays may potentially enhance the momentum deposition
of the outflow (e.g. Diesing & Caprioli 2018) and, if trans-
ported into star-forming regions, potentially counter cloud
collapse, helping to regulate star formation. Momentum in-
put by AGN radiation pressure on dust may compete with
the momentum generated during the energy-driven phase
(e.g. Costa et al. 2018b), particularly if the small-scale wind
velocity is low, while photo-ionisation, photo-heating and
X-ray heating undoubtedly shape the thermodynamic state
and, hence, the observability of outflowing gas.
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In this study, we have focussed on how to accurately
model the effect of a small-scale AGN wind on its surround-
ing medium. The source of power for the small-scale wind
was understood to stem from an accreting black hole, but
accretion was not modelled. The spherical boundary which
we used to inject a wind can, in the future, be employed to
measure inflow rates towards the galactic nucleus. These in-
flow rates could, for instance, be used as input for the growth
rate of unresolved black hole accretion discs, as modelled e.g.
in Fiacconi et al. (2018) and Bustamante & Springel (2019).
6 CONCLUSIONS
The interaction of small-scale AGN winds with their host
galaxies and their large-scale environment proceeds through
physical processes that occur on an extreme range of scales,
starting at < 10−2 pc, accretion disc scales and extending out
to the ∼ 100 kpc scales of galactic haloes. In order to ren-
der this problem tractable, King (2003), Faucher-Gigue`re &
Quataert (2012) and Zubovas & King (2012b) postulate the
existence of a small-scale wind emanating from the nucleus
and develop the analytical theory of the outflows that re-
sult from the collision between the small-scale wind and the
surrounding medium.
Based on these analytical foundations, the two key as-
sumptions of this study then are (i) that AGN drive winds
with well-defined, terminal velocities, energy and momen-
tum fluxes at small, unresolved scales and (ii) that the pro-
cesses responsible for driving small-scale winds can be decou-
pled from those powering large-scale outflows. The latter is
valid as long as the free-expansion radius (∼ 1−100 pc) of the
wind significantly exceeds the radius at which it is initially
driven. While the generation of the small-scale wind cannot
be captured in galaxy formation simulations, the scale at
which it interacts significantly with the surrounding medium
can, in fact, often be resolved.
We model a small-scale AGN wind by prescribing
mass, momentum and energy fluxes across a fixed, spher-
ical boundary, which we construct using two rigid, spheri-
cal layers of AREPO cells. The main parameters describ-
ing the small-scale wind are its geometry, its speed and the
solid-angle integrated momentum flux, all of which can be
selected to obey a variety of observational and theoretical
constraints, for different types of winds.
We test our model by analysing the propagation of AGN
winds through homogeneous media. We show that our model
predicts an initial free-expansion phase, which is later super-
seded by an energy-driven phase at the correct, analytically-
derived radius. Our model reproduces the dynamical evolu-
tion of both the free-expansion and energy-driven regimes
accurately. The classical structure of the large-scale outflows
with its four flow zones (free-streaming wind, shocked wind,
shocked and unshocked ambient media), the density and
temperature of the different outflow phases and the loca-
tion and gas phases at which radiative cooling is important
all match analytical expectations very accurately.
Since our model correctly captures the free-expansion
of the small-scale wind, it predicts when the outflow ther-
malises and where it settles into the classical four-zone
structure which is assumed in many analytical studies to
hold from arbitrarily small radii. For homogenous media, at
least, we find that the wind typically thermalises outside the
Compton cooling radius and therefore find that momentum-
driven solutions, while not impossible, do not always arise.
We demonstrate that our model possesses good conver-
gence properties down to the typical resolution of hydrody-
namic simulations of galaxy formation. If the free-expansion
radius is not resolved, the initially kinetic energy-dominated
wind thermalises just after injection, launching an energy-
driven outflow directly. In particular, we find that the radial
momentum, kinetic and thermal energy content of the out-
flow changes only by factors . 4 over variations in mass
resolution of more than 3 orders of magnitude.
In order to test our new model in a more typical setup,
we apply it to simulations of an isolated disc galaxy embed-
ded in a galactic halo with M200 = 1012 M, focussing on
the ability of small-scale winds with speed vw = 5000 km s−1
and vw = 30000 km s−1 to power galactic outflows. The winds
typically thermalise at scales . 50 pc and quickly evolve into
energy-driven bubbles which propagate along the disc ro-
tation axis. The transition from a small-scale wind into a
powerful super-wind, however, only occurs if the pressure
gradient generated by the energy-driven bubble significantly
exceeds the gravitational potential gradient. This condition
introduces a minimum AGN luminosity, above which the
pressure of the energy-driven bubble becomes sufficient to
power a large-scale outflow.
At a given small-scale wind speed, the mean speed of
the large-scale outflow scales with the AGN luminosity, in-
creasing by about 400 km s−1 per decade in AGN luminos-
ity. For vw = 5000 km s−1, it ranges from ≈ 300 km s−1 at
L = 1045 erg s−1 to ≈ 1400 km s−1 at L = 5 × 1047 erg s−1.
If vw = 30000 km s−1, the mean outflow speed is higher
by about 400 km s−1 at any given AGN luminosity. At the
highest luminosities, where the work done by the confin-
ing pressure of ambient gas on the outflow is negligible, the
large-scale outflows attain momentum fluxes > LAGN/c, for
vw = 30000 km s−1, and ≈ LAGN/c, for vw = 5000 km s−1.
Momentum fluxes ≈ LAGN/c are indeed expected if the
energy carried by the small-scale wind represents a small
enough fraction of the AGN bolometric luminosity, even if
it thermalises and develops into an energy-driven outflow. At
high luminosities, the outflow kinetic luminosities approach
the theoretical maximum (LAGN/2)(vw/c), corresponding to
5%LAGN for the high-velocity wind case and 0.8%LAGN for
the moderate-velocity wind. At intermediate and low AGN
luminosities, when the work done by outflows as they ex-
pand into their surroundings constitutes a larger fraction of
the available energy, the kinetic luminosities can drop by
more than an order of magnitude.
When present, large-scale outflows affect their host
galaxies via two main channels: (i) removal and destruction
of high-density gas in the nucleus, which operates imme-
diately when the AGN outburst begins, and (ii) suppres-
sion of halo gas accretion, which is more gradual and impor-
tant when star formation activity moves to the outskirts of
the galaxy and ejection becomes less efficient. Even as the
star formation rate drops, the total star-forming gas mass
of the galaxy increases. The star formation suppression is
possible, because AGN winds, which only couple directly to
the innermost few 100 pc, efficiently remove the densest and
hence most star-forming gas from the galactic nucleus. After
350 Myr of intermittent AGN wind activity, we find reduc-
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tions in the total stellar mass of about (4−10)×109 M with
respect to a simulation with no AGN feedback, where the
stellar mass is higher by ≈ 40%. The magnitude of the stellar
mass reduction increases with the speed of the small-scale
wind and the AGN luminosity.
Our new model allows us to predict the generation of
large-scale outflows based on the properties of small-scale
winds in a physically validated and meaningful way. It opens
up the possibility to much more rigorously study the impact
of AGN-driven winds on accretion flows and black hole self-
regulation, quantify their effect on the interstellar medium
and its ability to form stars and establish whether small-
scale winds driven from the immediate vicinity of AGN can
shape the evolution of galaxy populations.
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APPENDIX A: ENERGY-DRIVEN OUTFLOW
DYNAMICS
In the energy-driven phase, the cooling time of the shocked
wind phase is long compared to the outflow timescale. The
shell of swept-up material is pushed outwards by the thermal
pressure of the internal bubble composed of shocked wind.
Its dynamics is captured by the same equation of motion as
in the classic Sedov explosion, with the difference that en-
ergy injection into the internal bubble occurs continuously,
or for a prolonged period, rather than in a short burst.
We consider a bubble with pressure P, volume V and in-
ternal energy PV/(γ−1) = (3/2)PV for γ = 5/3. The thermal
energy is assumed to be the dominant component, which ap-
plies because the bubble in fact forms through shock-heating
of the supersonic AGN wind. If thermal energy is added to
the bubble at a rate of LAGN, for some efficiency  , then
integrating the energy flux density (Eq. 3) over a spherical
shell of radius Rsh gives
3
2
d
dt
(
4pi
3
PR3sh
)
= LAGN − 4piR2P ÛRsh , (A1)
which can be simplified to
2piR3sh ÛP + 10piR2sh ÛRshP − LAGN = 0 . (A2)
The momentum equation of the outflowing shell is simply
d
dt
(
4pi
3
ρ0R
3
sh
ÛRsh
)
= 4piR2shP , (A3)
where ρ0 is the density of the ambient medium through
which the shell propagates. Replacing the pressure P in
Eq. A2 with the expression found in Eq. A3 gives the equa-
tion of motion
2pi
3
ÝRR4 + 8pi ÜR ÛRR3 + 10pi ÛR3R2 − LAGN
ρ0
= 0 . (A4)
Eq. A4 can be solved by looking for a power law solution of
the form Rsh(t) ∝ tα, which gives α = 3/5, i.e. Rsh(t) ∝ t3/5
and ÛRsh(t) ∝ t−2/5. The full solution reads
Rsh(t) =
(
125
154pi
LAGN
ρ0
)1/5
t3/5 + R(t = 0) (A5)
≈
( 
0.05
)1/5 ( LAGN
1045 erg s−1
)1/5 ( nH
cm−3
)−1/5 ( t
Myr
)3/5
kpc ,
where R(t = 0) was taken to be zero in the last step.
The result in Eq. A5 only holds in the case of a homo-
geneous ambient medium of fixed density and the equation
of motion will differ depending on the assumed density pro-
file. A general equation of motion for energy-driven shells
and its solution for isothermal, NFW and Hernquist profiles
are presented in Zubovas & King (2012a), while solutions
for general power law profiles can be found in Appendices A
and B of Faucher-Gigue`re & Quataert (2012). Equally, the
equation of motion (Eq. A4) and its solution are only valid
in the energy-driven limit and do not apply for the early
free-expansion phase or for a potential momentum-driven
phase. Finally, we consider the appropriate value of the ef-
ficiency  appearing in Eq. A4 and in its solution. Detailed
numerical calculations (Weaver et al. 1977) show that the
kinetic energy of the shocked wind phase is negligible. For
this reason,  can be equated to the kinetic efficiency of the
AGN wind (Eq. 13), i.e.  ≈ τβ2 .
APPENDIX B: ADDITIONAL NUMERICAL
TESTS
In Section 3.2, we showed that the normalisation of the wind
temperature profile can be higher than expected based on
the choice of Tw. Here we present various numerical tests
that show that this issue (i) does not affect the dynamics of
the outflow and (ii) becomes less important with increasing
resolution.
We perform a number of simulations following the
propagation of small-scale winds through a homogeneous
medium with nH = 1cm−3. We use rsp = 8 pc, β = 0.01,
LAGN = 1045 erg s−1 and TW = 5 × 106 K. We explore var-
ious mass resolution values, varying mtarget = 15 M to
mtarget = 0.2 M.
In the left-hand panel Fig. B1, we test how the profile
depends on the overall mass resolution of the simulations.
As resolution increases, (i) the position of the shocks move
slightly towards smaller radii, (ii) the shocks become sharper
and (iii) the normalisation of the temperature profile for
the adiabatic section of the flow drops. We also see that,
for sufficiently high resolution, the wind temperature profile
converges on the expected value (dashed, grey line). Since
the winds in our simulations are highly supersonic, the choice
of TW is unimportant for the dynamics of the emerging large-
scale outflows. In future studies employing our new model,
the wind temperature, however, will have to be interpreted
cautiously and with this caveat in mind. Besides increasing
the numerical resolution, the problem we have identified here
is likely to be relieved by using higher-order hydrodynamic
codes.
The temperature profile is, otherwise, only weakly sen-
sitive to the number of resolution elements in the wind in-
jection sphere. In the right-hand panel of Fig. B1, we show
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Figure B1. Left: Temperature profiles for simulations performed at different mass resolutions. While the position of the temperature
peak is mostly insensitive to resolution, the normalisation of the temperature profile decreases as mtarget drops. For sufficiently low mtarget,
the temperature profile matches the expected temperature profile of the wind. Right: Dependence of the temperature profile on the
number with which the wind injection boundary cell layers are sampled.
temperature profiles for spherical boundaries generated with
nside ranging from nside = 2 to nside = 12. We find small
temperature decrements as nside increases from small values
nside . 4, but also see that the profiles saturate for larger
nside. This saturation occurs when the number of pixels in
the wind sphere starts exceeding that of the number of res-
olution elements in the ambient medium with which inter-
acts directly. For the same reason, choosing a low nside leads
to clear departures from spherical symmetry in the wind’s
properties. There is, however, no advantage in increasing
nside indefinitely, as the incoming fluxes from a large num-
ber of small cells simply merge into the bigger, conventional
AREPO cells. Optimally, nside is chosen such that there is
roughly one conventional AREPO cell for every wind injec-
tion boundary cell.
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